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Chapter 1
Introduction
The discovery by T. Melvill that substances that are introduced into a flame emit light that con-
sists of several distinct colors, can be seen as the birth of modern spectroscopy (1752) [1]. The
origin of the observed lines was at that time unknown. It was recognized though, by Herschel,
that the patterns and lines that were observed where unique for each element and could therefore
be used for identification of trace amounts of elements.
The correct explanation of the lines observed in Melvill’s experiments was not formulated until
the advent of the theory of quantum mechanics (1900-1926) [2–5]. One of the pivotal discoveries
preceding the advent of the theory is the formulation of an empirical equation that describes the
spectrum of the hydrogen atom. Described first by Balmer [6] and later generalized by Rydberg
[7], this formula showed the true quantum nature of the atom. By 1913, Bohr combined all the
data and theory to describe the hydrogen atom as a quantum system [3]. Quantum mechanics as
a theory was truly started by the efforts of Heisenberg [4] and Schro¨dinger [5]. The new quantum
theory could be utilized to understand spectra, and vice versa the theory could be bench-marked
against the voluminous amount of data available.
With time, ever more sophisticated equipment became available to perform spectroscopic mea-
surements. The introduction of coherent narrow-band light sources, lasers, (Maiman [8], 19601)
arguably had as much an impact on the field of spectroscopy as the introduction of quantum
theory, as it enabled cleaner experiments with improved accuracy.
When looking at the total amount of material gathered over the last 250 years in the field of
spectroscopy, it stands out that the interaction of matter with light of the visible part of the
electro-magnetic (EM) spectrum is the most intensely studied. Other parts of the EM-spectrum
have also received attention, however, these parts have been largely dependent on the availability
of systems to do the measurements with. The visible is still a very prominently studied part of
the EM spectrum, largely because of the possibilities to study new molecular systems as tech-
niques advance and because of the ability to measure spectra ever more accurately. However,
more sophisticated laser systems enable experimenters to go beyond the visible, where often the
answers lie to interesting questions. The infrared, for instance, is a significant part of the electro-
1Although the general conception in the laser community is that Charles Townes came up with the idea for the
optical laser first, a bitter legal conflict was fought between Charles Townes and Gordon Gould over several of the
early patents that are crucial for optical lasers. In the end, the courts decided that Gould was to obtain the patents
about 25 years after Maiman operated the first optical ruby laser.
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magnetic spectrum, approximately ranging between 1 and 100 micron, that is beyond the range
visible to the eye. All electro-magnetic radiation that is emitted and absorbed can be associated
with certain physical processes. While light emitted in the visible can be associated with elec-
tronic transitions in matter, light emitted in the infrared can often be associated with vibrational
transitions of molecules. Such transitions can also be induced under laboratory conditions to
obtain data on the vibrational structure of a molecule. This vibrational structure gives useful
information about the bonds that connect the atoms in the molecule and the spatial distribution
of the atoms.
One important wavelength range in which few laser sources are available to do spectroscopy
on molecules is the infrared region between 5-100 µm. This spectral region corresponds to
transitions from the ground state to vibrationally excited states. Specifically, the C-H bending, C-
C bending and C-C stretching vibrations of conjugated hydrocarbons can be found in this spectral
region. The infrared absorption spectrum of such molecules is interesting since it gives detailed
information on the geometric and electronic structure of these molecules. This is explicitly
shown in this thesis where FELIX (Free Electron Laser for Infrared eXperiments) is used as
a spectroscopic tool to probe the IR absorption spectra of a variety of prototypical conjugated
hydrocarbons isolated in the gas phase.
Another important phenomenon that is studied in this thesis is the energy transfer in weakly
bound complexes. By vibrationally exciting a weakly bound complex and then observing the
time dependent (dissociation) behavior, valuable data is obtained that helps to understand energy
flow in molecules. Such data is, for instance, helpful in gaining insight on dynamical processes
in living matter.
A short outline of this thesis is as follows: The remainder of Chapter 1 is dedicated to the intro-
duction of the experimental setup and some background on the various theoretical concepts. The
infrared spectrum of the benzene-argon cation is presented in Chapter 2. The time-dependent be-
havior of vibrationally excited aniline-argon and aniline-neon is discussed in Chapter 3. Chapter
4 contains the infrared spectroscopy performed on both neutral and cationic toluene-argon. And
the last chapter, Chapter 5 is concerned with the infrared spectroscopy of neutral benzyl and
tropyl.
1.1 Experimental setup
1.1.1 Requirements
In solid and liquid samples, molecules are influenced by the presence of one another. The envi-
ronment in which a single molecule is found is often of great influence on the spectrum that is
observed. If one measures the spectrum of a substance in the bulk, the spectrum that is obtained
is the sum of the spectra of all single molecules in their individual environments present in the
sampled volume. Although the techniques exist to measure the spectra of single molecules in
the bulk with impressive resolution [9], it is preferable to remove the environment around the
molecule altogether because this will enable the use of a more simple model to describe the
spectrum of the molecule. When the environment is removed, the molecule will exhibit its un-
perturbed spectrum. The environment can be removed by studying the molecules at low densities
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in the gas phase. Experiments in the gas phase, however, do have the drawback that the mea-
surement of the spectrum of a single molecule is usually not possible. The fact that an ensemble
of molecules is used in most measurements introduces some complications. At room tempera-
ture, not all molecules of the ensemble will be found in the same quantum state, and for some
species the fractions found in other quantum states can be quite high. This increases the number
of possible transitions that can occur and therefore, depending on the measurement scheme used,
can make the spectrum more complicated. It is therefore more convenient to cool the gaseous
molecules substantially such that the least number of quantum states are populated. This can be
done by supersonically expanding the gas into vacuum [10]. This ensures that good conditions
for performing spectroscopy are created, with a sample of molecules under collision-free condi-
tions and populating only a limited number of quantum states. To further enhance selectivity and
to create the capability to record the spectrum of just a single molecular species, Time-of-Flight
(TOF) mass spectrometry can be employed to be selective for the specific mass of the molecules.
1.1.2 Spectroscopic methods
The infrared spectrum of a species can be measured by a variety of techniques. Dispersion
of emitted infrared radiation of irradiated bulk substance was an established method to obtain
information on the vibrational structure of molecules. Since glass is transparent only up to 2 µm,
other materials are used to obtain infrared emission spectra. For instance, in order to obtain the
infrared emission spectra of a large number of molecules, W. W. Coblentz [11] in the beginning
of the last century used a NaCl prism, which allowed him to measure infrared spectra up to 15
µm. The sensitivity of detectors in the infrared is in general lower than in the visible and it is not
possible to discriminate against other species possibly being present in the sample. Among the
molecules studied by Coblentz is also toluene. In Chapter 4, the infrared absorption spectrum
of toluene–argon is presented, which presents the first gas phase jet-cooled infrared absorption
spectrum of toluene in the range between 400–1700 cm−1.
In emission, there is another option to obtain information on the vibrational structure of a species.
By exciting a molecule to an electronically excited state, the fluorescence of the molecule can be
observed. By dispersing and detecting this fluorescence the vibrational structure of the ground
state might be observed. It should be kept in mind, however, that not all vibrational levels
are accessible from the electronically excited state, and in general, some of the modes that are
present in the infrared absorption spectrum of the ground state are not observable in the electronic
emission spectrum, and vice versa.
Direct IR absorption spectroscopy is the most straightforward method to measure an infrared
absorption spectrum, but for this a sufficiently high density of absorbing species is required. In
addition, this method also lacks the species selectivity that is often needed.
When the appropriate laser systems are available, another proven and very successful technique
to observe the gas-phase IR absorption spectrum is either fluorescence-dip or ion-dip spec-
troscopy. In the latter variant of this technique, molecules in a specific quantum state are probed
using a fixed frequency laser such that ions are created. A tunable laser is used to induce transi-
tions from the state that is being probed. Whenever the frequency of this tunable laser is resonant
with a transition from the common state to another state, the population in the common state will
13
1.1. EXPERIMENTAL SETUP
MCP
TOF mass
spectrometer
pulsed
valve
skimmer
FELIX
2.4 kV
3 kV
UV
Figure 1.1: A schematic overview of the experimental setup
be depleted and a decrease in the ion signal will be observed. This technique is quite sensitive
since ions can be detected with high efficiency. The probing transition is one of the aspects of
this technique that makes it species selective. This selectivity is even further enhanced by the use
of TOF mass spectrometry which also gives the mass information of the species.
A variation of this technique can utilize a mass change of the irradiated species to obtain the
infrared absorption spectrum of a species. Observation of fragments of a parent species may in-
dicate that a transition has occurred and is therefore a sensitive probe for the vibrational structure
of a species, especially since it is often background free [12–14].
1.1.3 Molecular beam machine
The experimental setup is a compact molecular beam machine fitted with a Time-of-Flight (TOF)
mass spectrometer, which enables the study of molecules of small to intermediate size, in some
cases complexed with noble gas atoms. Such complexes can be created by supersonically ex-
panding a gas mixture of a trace amount of the molecules along with the noble gas. In such
an expansion extreme cooling takes place by collisions. Typical rotational temperatures of the
ensemble of molecules and/or complexes under study in this thesis is estimated to be around 10
K. The setup (Figure 1.1) consists of two parts, a source chamber in which the pulsed valve (R.
M. Jordan Company) is mounted and a second chamber in which the Time-of-Flight assembly
is mounted. The pulsed valve has an orifice opening of 0.5 mm and is usually operated with a
stagnation pressure of 3 bars absolute pressure behind the valve. With this valve, it is possible to
inject gas pulses with a duration of 50 µs (FWHM (Full Width Half Maximum)). The gas that is
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emitted into vacuum at supersonic expansion conditions is directed at the skimmer which has a
circular opening of 1 mm diameter and is situated about 3 centimeter downstream from the orifice
of the pulsed valve. By skimming the beam, a molecular beam is formed in the second chamber.
The source chamber is pumped by a turbo pump with a capacity of 500 l/s (TMH-521, Pfeiffer
Vacuum). The TOF chamber is pumped by a turbo pump with a capacity of 210 l/s (TMH-261,
Pfeiffer Vacuum). Both these pumps are backed by an Edwards XDS-10 scroll pump. Nominal
pressures inside the vacuum chambers while operating the pulsed valve are 2.0 · 10−5 Torr for
the source chamber and 2.0 · 10−7 Torr for the TOF chamber. In the experiments, the molec-
ular beam is irradiated by the output of two lasers: FELIX (Free Electron Laser for Infrared
eXperiments; see section 1.2) and a Nd:YAG (Continuum Surelite II) pumped dye laser (Spectra
Physics PDL-3). The output of the dye laser is usually frequency doubled in a KDP non-linear
crystal to yield ultraviolet (UV) light. This UV light is separated from the fundamental output
by using dielectric mirrors. The pulse energy of the UV laser pulses is usually about 1–2 mJ.
This light is used to ionize the species of interest by using a 1+1 REMPI (Resonance Enhanced
Multi Photon Ionization) scheme. The ions that are created, are accelerated by the electric field
that is set up by the grids of the TOF-assembly. The TOF-assembly is one of Wiley-McLaren
type [15]; two metal grids are set up symmetrically around the beam, spaced by 1 centimeter,
and a third grid is added at the side to which the ions are accelerated. By applying appropriate
voltages to the grids, a situation known as space-focusing [15, 16] can be created in which ions
of the same mass are all focussed in time on the MCP detector at the end of the flight tube, which
is 15 centimeters long. The current that is induced by the ions that strike the MCP-detector, is
pre-amplified and then fed into a LeCroy 9430 digital oscilloscope. This oscilloscope averages
the TOF transients, typically over 20–30 shots, and is subsequently read out by a computer, on
which all the averaged transients are stored. The transients that are obtained can be transformed
to yield mass spectra. In Figure 1.2, a mass spectrum of aniline and a series of aniline-argon
complexes is shown. The ion current of specific mass channels is monitored as a function of
FELIX wavelength and later processed to yield the infrared spectrum. The experiment is usually
performed in so-called “toggle” mode. The repetion frequency of the depletion laser, FELIX,
is usually 5 Hz, and the rest of the experimental equipment can be operated at 10 Hz. By tak-
ing mass spectra with and without FELIX, the long term fluctuations in the experiment can be
monitored and corrected for. For the experiments described in Chapter 5, use has been made of
a discharge source (Figure 1.3) to create radicals. By making a discharge in a gas, interesting
chemical compounds and radical species can be generated [18]. The discharge is drawn between
the ring electrode which is at high voltage and the orifice plate, which is at ground. When a gas
pulse is injected, it will temporarily increase the pressure such that a discharge will occur. In
such a discharge, molecules can be fragmented, or even ionized by electron or ion impact. The
energy in the discharge is kept limited to maximize the yield of the desired radical species.
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Figure 1.2: Mass spectrum of a molecular beam of argon with a trace amount of aniline. The
UV laser is tuned to the S1←S0 transition of aniline-argon at 33976 cm−1 [17].
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Figure 1.3: The discharge is drawn from the ring electrode to the orifice of the pulsed valve upon
the injection of a gas pulse. In the graph the temporal profile of the gas pulse is shown for both
argon and benzyl (monitored at the S1 ← S0 transition of benzyl [19]). The signal shown, is the
observed ion intensity as a function of delay time between the laser pulse and the opening of the
valve. The radicals are formed most efficiently some 30 µs after the maximum of the argon pulse.
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1.2 Free Electron Lasers
1.2.1 Introduction
In order to perform infrared absorption spectroscopy on conjugated hydrocarbons, a laser sys-
tem is needed that can deliver high energy tunable infrared radiation in a relatively short amount
of time. Many laser systems are capable of generating radiation in the infrared, however, most
are only tunable over a small wavelength region and therefore not very useful for recording the
infrared spectrum over a wide range. Solid state laser systems which are capable of generating
infrared are becoming more readily available. New non-linear materials, such as for instance
AgGaS2, increase the tuning range of these systems to about 12 µm. However, the attainable
pulse energy is usually quite low, limiting the use of such devices for the here presented experi-
ments. There is an alternative to these sources, which offers tunability in conjunction with high
pulse energies in the infrared, the Free Electron Laser (FEL).
Around the world a number of free electron lasers have been made available to the general
scientific community over the past decade. Currently, about ten of these user facilities operate
around the world [20]. At the FOM-institute for Plasma Physics “Rijnhuizen”, the Free Electron
Laser for Infrared eXperiments (FELIX) [21] has been installed. With its 1 GHz micropulse
repetition rate, with its 10–20µJ energy per micropulse (competitive with other facilities), with its
wide tuning range and variable bandwidth and, above all, with the user control of the various laser
parameters, FELIX is currently the most ideal source to be used in conjunction with molecular
beam machines for IR spectroscopic studies of molecules.
1.2.2 FEL principles
The principles upon which Free Electron Lasers (FEL) operate can be obtained either by using
classical electromagnetic theory or by using quantum mechanics [22]. One of the effects being
used in a free electron laser is the fact that when relativistic electrons are passed through a
magnetic field, they will radiate light that is concentrated mainly into the direction in which their
velocity vector points. When a magnetic field is set up that has alternate directions over a few
intervals, the radiation that is emitted is focussed into a narrow cone pointed forward, see Figure
1.4. The total assembly of magnets that sets up this magnetic field structure along an electron
beam line is called an undulator [22].
The first free electron laser to generate light, the Stanford FEL [23], employed an undulator
of helical design, in which the magnetic field direction is perpendicular to the beam line, but
rotates along the travelling direction of the electrons. Such a helical undulator delivers circularly
polarized light. A linear undulator, the type that is also installed at the FELIX facility, produces
linearly polarized light. The wavelength of the light that is radiated by the electron travelling
through the undulator is given by the following formula:
λ =
λu
2γ2
(1 + K2) (1.1)
where λu is the period of the undulator, γ is the gamma factor (γ = (1 − v2/c2)−1/2) of the
electrons and K is a dimensionless factor that reflects the extra path that the electrons travel
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electrons
Figure 1.4: The undulator structure with the path of an electron indicated. The light that is
emitted is captured by the mirrors on either end of the undulator, which form the optical cavity.
The motion of the electrons with respect to the size of the cavity has been exaggerated.
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Figure 1.5: The actual layout of the FELIX facility. The full tuning range is accomplished by
using two undulator structures. Also indicated is the typical time structure of FELIX.
relative to the centerline of the undulator due to the wiggling motion:
K =
eBuλu
2πmc
(1.2)
where e is the electron charge, Bu is the magnetic field strength on the beam axis and m is the
electron rest mass.
By introducing mirrors on both ends of the undulator (Figure 1.4), a cavity is formed, and the
light that is radiated by a bunch of electrons is captured inside the cavity. Conditions can now be
chosen such that this light pulse bounces off the two mirrors and overlaps with another electron
bunch entering the undulator. The EM-field of the light pulse will now interact with the electrons
in the bunch. This interaction causes the electrons to be bunched on the scale of the wavelength
of the EM-field [24]. This bunching will cause the electrons to radiate in phase with each other,
adding to the already existing radiation field and thereby amplifying the radiation field.
1.2.3 FELIX
FELIX (Free Electron Laser for Infrared eXperiments) [21] is capable of generating radiation in
the range between 3 and 250 µm. The free electrons are emitted by an electron gun. Electrons
are accelerated first by the RF (Radio Frequency) electric field which is applied to a grid in front
of the electrode material. The frequency of the RF is usually 1 GHz, but can also be set to a
frequency of 25 MHz or 50 MHz. The emitted bunch is then further accelerated by a 100 kV
static electric field. The electron bunches emitted by the electron gun are relatively long, about
280 ps. By using a prebuncher and a buncher after the gun, the electron bunches are compressed.
The bunches, which have an energy of about 4 MeV, are now injected into the accelerators that
can accelerate the electrons to energies of up to 25 MeV when using one accelerator, or 50 MeV
when two accelerators are used. After either accelerator there is the option to steer the electron
beam into an undulator structure by using two dipole magnets. When using only one accelerator,
the electron beam is steered into undulator structure FEL-1. The radiation that is generated in
this structure has a maximal tuning range between 16 and 250 µm. When using two accelerators,
the electrons are steered into undulator structure FEL-2 and the generated radiation can be tuned
between 3 and 30 µm [25]. Fast online tuning is performed by changing the magnetic field
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strength which is accomplished by moving the magnet arrays symmetrically further away from
the beam axis, and thereby changing the value of the parameter K in Equation 1.1. In order to be
able to tune beyond the range which is available from a change in the magnetic field strength, a
change in electron beam energy is required, which takes considerably more time.
Radiation emerges from the undulator as micropulses with a repetition rate corresponding to the
frequency at which the gun is modulated. Since the electron bunches are generated in bursts
of up to 10 µs at a 10 Hz repetition rate, the infrared output also comes in few microsecond
long bursts at 10 Hz. Typical energy at a wavelength of 10 µm with a 7 µs macropulse and
a 1 GHz micropulse repetition rate is about 80 mJ per macropulse. The spectral bandwidth
of the laser is mainly determined by the length of the optical pulses. When using FEL-2, the
spectral bandwidth is usually adjusted such that it corresponds to about 0.5 % (FWHM) of the
central wavelength. The light is coupled out of the cavity through a hole in the upstream mirror
and from there transported through an evacuated tube towards the diagnostic station. In the
diagnostic station, the beam is sent through a beam splitter which splits a small portion off, to be
used for a spectrometer. The spectrometer is used to monitor the wavelength and the bandwidth
of FELIX. Also available in the diagnostic station is the option to insert mesh-grid fixed value
attenuators. From here, the beam is further transported to the beam station through the evacuated
transport system.
1.3 Experimental schemes
The use of Time-of-Flight techniques has the inherent requirement that the species of interest
is ionized somewhere in the experimental procedure. In Figure 1.6 the various experimental
schemes that are used to measure the spectra are shown. Figure 1.6-A shows a scheme that can
be used to record the infrared spectrum of the neutral ground state of a molecule. The molecules
of interest are in the ground state and irradiated first with the infrared beam of FELIX. When
FELIX is resonant with a transition from the ground state to an excited state, a fraction of the
molecules will be transferred to the excited state. Subsequently, the ground state is probed by
using a 1+1 REMPI (Resonance Enhanced Multi Photon Ionization) scheme that yields the ions
needed for TOF detection. A measure for the absorption is the cross section. The described
scheme does not yield the cross section of the molecules directly as the ion current on a specific
mass channel is measured. The ion current is proportional to the amount of molecules in the
ground state. By recording the ion current as a function of FELIX wavelength, a measure for
the amount of molecules in the ground state as a function of this wavelength is also obtained;
This is denoted as N1(ν). The ground state and the vibrationally excited state are considered as
a two-level system. The rate equations that describe the time-dependent behavior of the ground
state in relation to the excited vibrational state (neglecting degeneracies) can be expressed as:


dN1
dt
= −BWN1 + BWN2 + AN2
dN2
dt
= BWN1 −BWN2 − AN2
(1.3)
where the populations found in the lower and upper level are denoted as N1 and N2, A and B are
the Einstein A and B coefficients and W is the strength of the radiation field interacting with the
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Figure 1.6: Situation A depicts the manner in which the spectrum of ground state molecules can
be obtained, FELIX pumps infrared transitions in the ground state, and UV is used to probe the
amount of molecules in the ground state. Situation B shows the scheme that can be used to record
the spectra of ground state Van-der-Waals complexes, where in a similar way FELIX is used to
pump and UV is used to probe. Situation C depicts the scheme that is used to measure infrared
spectra of cationic complexes of argon and the molecule. First the molecule is prepared with UV,
and subsequently FELIX is used to pump to possible vibrational modes
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system. The total population in the system is normalized, i.e. N1+N2=1, making these quantities
dimensionless. When all the molecules are in the ground state of the system, and a radiation
field is switched on, some molecules will end up in the excited state after some time. On a
microsecond time-scale, the spontaneous emission rate from the upper level can be neglected
since most vibrational lifetimes are on the order of milliseconds. This means that the transitions
between the two levels are entirely determined by the radiation field. In the regime where the
power of the radiation field is low, only a small fraction of the molecules will be present in the
upper state after some time. In the limit of high power, however, half of the population will be
in the ground state and half will be in the upper state. With the assumption that transitions to
vibrationally excited levels can be approximated as two-level systems, and in the limit of small
fractions of the total amount of molecules to be present in N2 , the cross section for a transition
from the ground state to the excited state to occur can be expressed as being proportional to:
σ(ν) ∝ − 1
W
ln(2N1(ν)− 1) (1.4)
where W is the power of the radiation field, N1(ν) is the wavelength dependent population ob-
served in the level (1). By now monitoring the ion current, which is proportional to the number
of molecules in the ground state (N1(ν)), one thus has a measure for the cross section. This
technique is commonly referred to as ion-dip spectroscopy.
When experiments are performed on a weakly bound complex consisting of a molecule with a
noble gas atom (Figure 1.6-B), the possibility of dissociation of the complex needs to be included,
and the rate equations change somewhat.


dN1
dt
= −BWN1 + BWN2 + AN2
dN2
dt
= BWN1 −BWN2 − AN2 − kN2
(1.5)
Again it is possible to ignore the spontaneous emission from the upper level. However, when
the excitation of the weakly bound complex is above the dissociation threshold, dissociation of
the complex could occur, thereby adding the term kN2 to the outflow from the level (2). The
effect is that at high power even though the radiation field by itself could never transfer more
than 50 % of the molecules to the upper state, the dissociation process will change that. By
having the population leave level (2) via the dissociation channel, the radiation field can transfer
more complexes out of the ground state. At extreme radiation field densities, a situation can be
obtained where all complexes are pumped up to the vibrationally excited state and subsequently
dissociate. Assuming this, the cross-section as a function of observed depletion of the ground
state can be expressed as:
σ(ν) ∝ − 1
W
ln(N1(ν)) (1.6)
If a molecule exhibits IVR (Intramolecular Vibrational Redistribution) from a vibrationally ex-
cited state as a bare molecule, then Equations 1.3 and 1.4 do not hold anymore, and one should
in principle think about applying Equations 1.5 and 1.6 to such a system, however, there is some
uncertainty whether the rate of IVR is fast enough to allow for 100 % depletion of the ground
state. By attaching a noble gas atom to the molecule, the rate of IVR is increased dramatically
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and a situation is created in which this criterium is more easily met. When measuring on the bare
molecule the rate of IVR could be a significant factor in determining the cross section. However
a common method can be applied to both schemes by which the actual relative cross section can
be established. By attenuating the pump laser, and thereby going into the regime where only a
small fraction of the ground state is depleted, again the regime is entered where the depletion is
almost entirely determined by the radiation field.
Figure 1.6-C shows the measurement scheme that is used to record the spectrum of a molecule
in the cationic state. Since the molecule is already in the cationic state it is necessary to have a
probe for the occurrence of an infrared transition in the molecule. By adding a noble gas atom
to the molecule this probe is obtained. The complex is first prepared in the cationic state under
field free conditions and subsequently irradiated with infrared radiation from FELIX. After the
light pulse from FELIX, a potential is pulsed on the grids of the TOF-assembly, which sets up
the electric field that accelerates the resulting ions toward the detector. By monitoring either the
depletion of ion current on the molecule-noble gas complex mass channel, or the ion current on
the bare molecule mass channel as a function of FELIX wavelength, a spectrum can be obtained.
Equations 1.5 and 1.6 apply to this scheme as well, as the ground state and excited vibrational
state in this scheme are similar to those of the scheme depicted in Figure 1.6-B.
During the actual scanning of the wavelength of FELIX, the laser is calibrated by using a grating
spectrometer. Typically, at every µm, the wavelength is set and the actual wavelength is read out
from a spectrometer. To obtain a wavelength correction for every point, an Akima spline fit [26]
is used, thus obtaining a smooth curve which maps the set wavelength to the actual wavelength
values. A similar curve is needed for the output power of the laser and is obtained in a similar
way. When large gradients of any parameter were found, usually extra data points were taken
in order to improve the curve’s ability to show actual laser behavior. Although these corrections
will in general bring about the approximately correct result, there are still some factors which
complicate the determination of the relative cross sections observed in these experiments. One
of the main factors is the change in IR beam diameter with wavelength. The conclusion of J.
A. Piest [27] was that there are some uncertainties regarding the actual measured cross section,
but that since these can not be ascertained and since the actual deviation seems not too dramatic,
these effects can be neglected to simplify data analysis. This approach will be followed here as
well.
1.4 Vibrational structure of molecules
1.4.1 Vibrational coordinates
The positions and momenta of the nuclei and electrons inside a molecule are highly coupled.
It is therefore quite difficult to model the observed infrared spectra, which mainly involve nu-
clear motions, without making approximations to the wavefunctions that describe the system. A
simplified picture of the molecule may not be sufficient in all cases, but augmentations to the
model can also be done on an after-the-fact basis. Very useful is the approximation that elec-
tronic motion does not have an influence on the position of the nuclei. This Born-Oppenheimer
approximation [28] allows for the wavefunction to be of the form:
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Ψ = ψelecψnuclear (1.7)
where the wavefunction is the product of the electronic wavefunction and the wavefunction for
the nuclear coordinates. The nuclear part can be rewritten. The rotational and translational
degrees are separated from the vibrational coordinates by demanding that the molecule satisfies
the Eckart equations [29]. The wavefunction can now be rewritten as:
Ψ = ψelecψvibψrotψtrans (1.8)
Effectively, this means that one can study separately the electronic structure, the vibrational struc-
ture and the rotational structure. This does not mean that, for instance the vibrational structure is
independent of the electronic state of the molecule. For a given electronic and vibrational state,
in general a unique rotational spectrum is found. And also, the vibrational wavefunctions for a
given electronic state differ from the vibrational wavefunctions of another electronic state of the
same molecule as a different electronic state will in general yield a slightly different geometry
of the system. After the separation of coordinates, it is possible to rotate the basis of the nuclear
movements such that an orthogonal basis is set up. The movements of the nuclei, excluding
rotation and translation describe vibrations of the molecule, i.e. dynamic deformation from the
equilibrium structure of the molecule. The vibrational Hamiltonian looks like this:
Hvib =
1
2
3N−6∑
i=1
[(
d2Qi
dt
)2 + VPES] (1.9)
where N is the number of atoms in the molecule. The number of vibrational modes in a non-
linear molecule amounts to 3N–6, and is 3N–5 for a linear molecule. The coordinates Qi are the
orthogonal vibrational modes of the molecule. The shape of the potential VPES , the so-called
Potential Energy Surface is in general not of a simple form. Therefore it is convenient to write it
as a Dunham potential [30].
V (Qi) = V (Qeq) +
dV
dQi
∣∣
eq
(Qi −Qeq) + 1
2
d2V
dQ2i
∣∣
eq
(Qi −Qeq)2 + · · · (1.10)
The potential is a Taylor series expansion around the point on the PES where the molecule is
found in its equilibrium state. The first term can be arbitrarily set zero and since the molecule is
in its equilibrium the second term is zero. Therefore the first significant term is the third term.
The corresponding harmonic oscillator type differential equation can be solved analytically and
one finds the familiar equidistant spacing of the energy levels. It is, however, clear that only
small amplitude motions of the nuclei are allowed in this approximation since only one term of
the Dunham potential was used to describe the PES. In general, for a Dunham potential of higher
order, it is not possible to obtain an analytical solution. For diatomics, some improved forms
of the potential compared to the harmonic oscillator potential can be used, such as the Morse
potential. However, in general for polyatomics such approaches are rarely used and usually
the harmonic oscillator approximation is used. Should the suspicion arise that the potential is
anharmonic along a certain vibrational coordinate Qi, then the PES along this coordinate can be
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calculated, and subsequently the actual eigenvalues can be obtained. In most cases, though, the
harmonic oscillator approximation is quite sufficient.
1.4.2 The Jahn-Teller effect
The vibrational states of most molecules are not coupled to each other. However, in some cases
coupling exists through for instance anharmonicities of vibrational modes. A special class of
coupling is present in the degenerate electronic states of highly symmetric molecules. It has
been shown by Jahn and Teller [31] that a molecule of high symmetry that is in an electronically
degenerate state will have this degeneracy lifted, since there will be a dependence of the energy
of the molecule on one or more of the normal coordinates. This leads to a new global mini-
mum which corresponds to a geometry of lower symmetry. This distortion of the symmetrical
geometry is referred to as the “static” Jahn-Teller effect. The two separate electronic states are
only split marginally. Since the electronic states are so close in energy, the Born-Oppenheimer
approximation is no longer valid. A coupling between the rovibrational states of the electronic
states can therefore be expected. This effect is called the “dynamic” Jahn-Teller effect. The new
PES can be approximated by a Dunham expansion (Equation 1.10) in a similar way, with the
symmetrical point being the point around which the expansion is made [32]:
V =
3N−6−M∑
i=1
1
2
ki|Qi|2 +
M∑
i=1
∑
j=+,−
1
2
ki|Qi,j|2 +
M∑
i=1
∑
j=+,−
LiQi,j +
M∑
i=1
∑
j=+,−
SiiQ
2
i,j (1.11)
where the harmonic oscillator terms of the molecule in its equilibrium configuration can be rec-
ognized such as they appear in Equations 1.9 and 1.10. However, for the M Jahn-Teller affected
vibrational modes, additional terms distort the potential. The terms Li and Sii are the linear and
quadratic Jahn-Teller coupling parameters of the potential. The various non-degenerate and dou-
bly degenerate vibrational modes are labelled + and - respectively. The distortion of the geometry
can be expressed as a linear combination of normal coordinates, and these coordinates are thus
also the normal coordinates along which the PES is distorted. Linear and quadratic terms are
added which couple the vibrations of the two electronic states to each other. New eigenvalues
of the various vibrations on the new PES can be obtained by diagonalizing the vibrational basis
with respect to the new Hamiltonian. For a full description of the off-diagonal matrix elements
involved, see Barckholtz et al. [32].
1.4.3 Intramolecular vibrational redistribution
Even though wavefunctions of bound molecules are stationary solutions to the Schro¨dinger equa-
tion, it is a priori not clear whether a true eigenfunction of the molecule is excited by a certain
light pulse. In principle, an excited state that is accessible via a dipole transition and which
might seem to be a state with very specific quantum numbers, could actually be coupled to other
states. The quantum numbers that are assigned to this state are nearly good quantum numbers.
In general, the initially excited state should be expressed as [33]:
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Ψinitial =
1
N
(ψbright +
n∑
i=1
ciφi) (1.12)
where ψbright is the predominant part of the observed initially excited state, φi are other states
which also contribute to the initial state and N is a normalization factor. If the state that is initially
excited is a single eigenstate with good quantum numbers, then the coefficients ci are rendered
zero.
If now the time evolution of such a system is evaluated, one obtains:
Ψ(t) =
1
N
(ψbright(0)e
−iEbrightt/h¯ +
n∑
i=1
ciφi(0)e
−iEit/h¯) (1.13)
By assessing the time-dependent overlap between the time-dependent wavefunction Ψ(t) and the
initially excited state Ψinitial(0), one can obtain the probability for survival of the initially excited
state, P = | < Ψ(t)|Ψinitial(0) > |2. The result is:
P (t) =
1
N4
(1 +
n∑
i=1
c4i + 2
n∑
i=1
c2i cos((Eb − Ei)t/h¯)) (1.14)
What can be seen is that the population oscillates in time and that after excitation of a (coupled)
vibrational mode intramolecular vibrational redistribution (IVR) takes place. The amount of
coupling between the states is of importance here, since the coupled eigenstates must have had
non-zero coefficients in order for this oscillation to be observed. This also brings up another point
which is important in the observation of IVR; the actual method of excitation is important. When
one uses a narrow-band laser to examine this spectral region, then this dynamical behavior will
appear differently as individual eigenstates are prepared. These states do have good quantum
numbers and therefore do not exhibit the outlined dynamical behavior. A light pulse from a
pulsed laser, however, can encompass more levels than just the bright eigenstate and therefore
will excite the molecule in such a way that the coupling coefficients of nearby eigenstates are
non-zero. Another way of considering IVR is to think of the bright state to be coupled to the
other states by a coupling potential. The “bright” state is coupled to a first set of dark states,
which are in turn coupled to another set of dark states. This “tier” model [34] is depicted in
Figure 1.7.
1.5 Dissociation of vibrationally excited Van-der-Waals com-
plexes
Once a Van-der-Waals complex is vibrationally excited above the dissociation limit of the weak
bond, one can actually question how the energy that is contained in the complex is channeled into
the breaking of the bond. Upon vibrational excitation above the dissociation limit, there are two
possible channels through which dissociation of the weakly bound complex can occur. All the
excess energy contained in the vibrational excitation, i. e. all the energy above the dissociation
threshold, can be transferred into the breaking of the weak bond, and the fragments fly apart with
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Figure 1.7: The bright state is coupled with first order coupled state, to which the vibrational
excitation is first transferred, and these states are in turn coupled to other states.
a certain kinetic energy (∆ET ). However, it is possible that a product retains some rovibrational
excitation (∆Eint), see Equation 1.15. When internal energy in the complex can not be directly
transferred into the Van-der-Waals bond, the time scale for dissociation will increase as another
process will first have to occur before dissociation can take place. By IVR, the energy in the
complex is redistributed such that at a certain point the complex will be in a quantum state from
which dissociation is faster than from the initial level of excitation, see Equation 1.16.
[A−B]∗ · · ·C → [A−B] + C + ∆ET + ∆Eint (1.15)
[A−B]∗∗ · · ·C → [[A−B]† · · ·C]∗ → [A−B] + C + ∆ET + ∆Eint (1.16)
The first pathway can be described as having a rate of the form:
k = 1013s−1exp(−π∆n) (1.17)
where ∆n is the total change of all quantum numbers in the dissociation process, including the
translational quantum number [35]. For large changes in quantum number by using a specific
channel, the rate and thus the probability of such a process occurring goes down. The factor
1013 s−1 corresponds to the typical vibrational frequency of a Van-der-Waals bond. For the case
where IVR plays a role (Equation 1.16), IVR will be the rate-limiting step. The rate of IVR is
given by the Fermi Golden Rule (in the approximation of equal coupling between the initial state
and final states):
k =
2π
h¯
< V >2 ρ(E) (1.18)
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where <V> is the average interaction that couples the initially excited state to other isoenergetic
states. The density ρ(E) is the actual density of states at the level of initial excitation. Since a
priori, the coupling potential is not known, it is hard to assess the rate of IVR. It is also possible to
look at the dissociation process from a statistical point of view. In statistical theory it is assumed
that the energy of the initial excitation can freely redistribute over all the available phase space.
This approach to the dissociation process is represented by the statistical theory RRKM (named
after Rice, Ramsperger, Kassel, and Marcus) [36]. This theory was actually preceded by the
RRK (Rice, Ramsperger, and Kassel) theory [37, 38]. The RRK theory assumes that a molecule
with n identical oscillators will have one critical coordinate that, once given enough energy, will
cause the molecule to dissociate along this coordinate. The rate of dissociation in this framework
is given by:
k(E) = ν
(E − E0
E
)n−1 (1.19)
where ν is the vibrational frequency, E the energy in the system, and E0 the energy needed
to dissociate the molecule. It is noted that an increase in excess energy will increase the rate,
as expected. However, this framework does not correctly model the rates that are observed in
experiments; it is usually off by about an order of magnitude.
An improvement is the formulation of the RRKM-theory. The rate of dissociation upon activation
of a molecule above the barrier E0 in the RRKM-framework is given by:
k(E) =
N ‡(E − E0)
hρ(E)
(1.20)
where N ‡(E − E0) is the sum of states at the transition state geometry of the molecule between
the transition state barrier and the actual level of excitation and ρ(E) is the density of states of
the molecule at the level of excitation. It is important to note that there are a few assumptions
inherent to the theory. RRKM-theory assumes that there is a transition state between the intact
molecule and the dissociated molecule. Also, there is the assumption that the molecules traverse
this transition state only once, and that there is no reversibility. The calculation of the rate
is actually fairly straightforward when the geometry and frequencies of the transition state are
known. The model predicts a strong dependence of the rate of dissociation on the vibrational
structure of the molecule, much unlike the pure energy-dependence of the RRK theory.
1.6 Computational techniques
With the increased computing power available, it has become possible to also model the infrared
spectra of complex systems and increase our knowledge of molecules and the mechanisms at
work in them. The need for computing power to model spectra stems from the fact that an
analytical solution to the Schro¨dinger equation for more than three particles is not possible.
Therefore, a smart computational method that approximates the true nature of the wavefunction
of a complex system needs to be employed.
The Hamiltonian for a molecule can be written down as:
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H = −
N∑
i=1
h¯2
2me
∇2i −
M∑
j=1
h¯2
2mn
∇2j −
∑
k
∑
l
e2Zl
rkl
+
∑
m<n
e2
rmn
+
∑
o<p
e2ZoZp
rop
(1.21)
where the first two terms correspond to the kinetic energy of the electrons and the nuclei re-
spectively. The third term is the electron-nuclear term, the fourth term is the electron-electron
repulsion term and the fifth term is the nuclear-nuclear repulsion term. By applying the Born-
Oppenheimer approximation to the molecule, it can be seen that the nuclear-nuclear repulsion
term will have a constant value which offsets the energy of the total wavefunction. Also, the mo-
tions of the nuclei can be decoupled from the electron motion, thereby eliminating the nuclear
kinetic energy term from the equation as well. An approximation to the remaining exclusively
electronic Hamiltonian was given by Hartree [39], who reduced the Hamiltonian to be the sum
of single electron Hamiltonians:
hi = − h¯
2
2me
∇2i −
∑
j
e2Zj
rij
+
∑
k =i
∫
ρk
rik
dr (1.22)
H =
N∑
i
hi (1.23)
The last term of the single electron Hamiltonian corresponds to the potential that the electron
experiences due to other electrons in the system, which is expressed in terms of the charge den-
sity in space. Since ρk is defined as being proportional to the probability of finding an electron
at a certain position, it already involves knowledge of the wavefunction that is actually being
obtained in the single electron Schro¨dinger equation. Hartree at this point proposed to guess
at the wavefunction first, then calculate the potentials due to this field, after that obtain new
wavefunctions, and so forth. This “Self Consistent Field” (SCF) method should be continued
until a solution is found that has similar eigenvalues with respect to the previous iteration. Al-
though quite revolutionary, the method needed some refinement, since the wavefunction that is
obtained via this method is not antisymmetric with respect to an exchange of two electrons. The
Hartree-Fock (HF) method incorporates this feature and was extended to work with basis sets by
Roothaan [40].
The Hartree-Fock method can predict the energy of a system quite accurately, however, higher
accuracy is often needed, to obtain the accuracy that makes comparison between experiment and
theory useful. About 99 % of the energy of a system can be accounted for by using HF methods.
However, when comparing the remaining error to the magnitude of the energies contained in
vibrations, it is noted that the error is too large to be acceptable. An effect not well taken into
account in the Hartree-Fock method is the electron correlation, i. e. the fact that the motions of
the electrons are correlated. There are many methods available to assess the several types of
electron correlation in a system. One such method is called Density Functional Theory (DFT).
This theory is based upon a proof by Hohenberg and Kohn[41] that the ground state electronic
energy can be expressed in terms of the electron density, this energy is denoted as E[ρ]. The total
energy of the system is now written down in the different contributing terms:
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E[ρ] = T [ρ] + Ene[ρ] + J [ρ] + Exc[ρ] (1.24)
The kinetic energy (T [ρ]), electron-nuclear interaction (Ene[ρ]) and the Coulomb interaction
(J [ρ]) can be computed exactly. However, the exchange and correlation term (Exc[ρ]) is the
elusive term in this equation. Although clearly defined for particle systems (See for instance
Karplus and Porter [42]), it is a priori not clear how to write down an exchange term for a sys-
tem solely dependent on the electron density. However, it is possible to use a functional that
approximates the exact, but unknown, functional to some degree of accuracy. One of the advan-
tages is that the method’s computational effort scales much in the same way as Hartree-Fock.
This means that with a good functional, that may even be a bit more expensive than HF, which
scales approximately as M3.5, where M is the number of basis functions, results could be obtained
that are very near to the actual values of the exact functional and therefore the wavefunction will
closely resemble the actual wavefunction. It should be noted that the calculation involving the
exact functional could prove very expensive as well due to the fact that it might consist of many
terms. Throughout this thesis, the Becke 3 (B3) parameter functional [43] is used for the ex-
change term and the LYP-functional [44] for the correlation term; this combination is usually
called B3LYP. This functional shows very appreciable performance with an absolute mean de-
viation of the values of heat of formation of 3.1 kcal/mol with respect to the G2 test set [45].
Since one can only approximately guess at the particular shape of the wavefunction, it is not clear
where to start. A good guess is to start off with a large amount of approximately correct functions
centered on each atom in the molecule, with adjustable parameters, such that the influence of the
more correct functions can be enhanced and the influence of incorrect functions can be decreased.
Ψ =
N∑
i=1
aiφi (1.25)
Not much unlike a Taylor expansion of a function, if you keep adding more functions, the ap-
proximation will become more and more consistent with the actual function. Thus upon adding
more functions to describe the orbitals of the electrons on each atom, the correct wavefunction
should be approximated ever more closely. However, a smart choice of the basis functions is
advisable, since many functions may be needed to describe the wavefunction, especially for the
elements with high atomic number. In principle two choices have been made in the past as a
starting point: The Slater Type Orbital (STO) and the Gaussian Type Orbital (GTO).
ΨSTOζ,n,l,m(r, θ, φ) =
1
N
Yl,m(θ, φ)r
n−1e−ζr (1.26)
ΨGTOζ,n,l,m(r, θ, φ) =
1
N
Yl,m(θ, φ)r
2n−2−le−ζr
2 (1.27)
In principle the STO is the best type of orbital in a sense that it models both the near nucleus
behavior of the wavefunction well, and also the valence region of the atom. However, STO’s are
computationally expensive, and most packages use GTO’s. A drawback of the GTO’s is that the
regions near the nucleus and the valence region are not modeled well, but by using more GTOs
one can model the behavior adequately. For instance, the STO-3G basis set comprises three
30
CHAPTER 1. INTRODUCTION
GTOs that have been fitted to an STO. But in this basis set there are only just enough orbitals
to put all the electrons in. A way to improve this situation is to double the amount of basis
functions. By doubling the amount of functions a more accurate description can be given of the
atom in the molecule. Because of the two so-called “ζ” parameters that are available for each
basis function, this type of basis set is called a Double Zeta (DZ) type basis set. An adaptation of
this basis set is the split valence type basis set, which takes advantage of the fact that core orbitals
rarely need doubling to obtain the required accuracy. One can keep on adding additional basis
functions and extend basis sets as far as Sextuple Zeta (6Z) and even beyond that. Basis sets
such as these may yield high accuracy but the computation time required to do the calculation
scales with at least M3 and usually with M4. The size of the basis set is thus an important
consideration. Throughout this thesis use is made of a commercially available package for doing
ab initio calculations, the Gaussian98 package [46]. The frequency calculations in the package
produce vibrational frequencies of the fundamental excitation of each vibration mode and the
expected IR intensity. The frequencies of overtones and combination modes are not calculated
by the package. Throughout the thesis the molecules are modelled with DFT, using the before
mentioned B3LYP functional. The used basis set is usually the D95(d,p) full double zeta basis
set, where the added polarization functions are indicated in parenthesis. This combination of
method and basis set has been shown to produce accurate results in predicting vibrational spectra
of conjugated hydrocarbons [12].
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Chapter 2
The infrared spectrum of the benzene–Ar
cation1
The infrared (IR) absorption spectra of the jet-cooled C6H6 and C6D6 cations, complexed with
Ar, are measured throughout the 450–1500 cm−1 region via IR photo-dissociation spectroscopy.
The IR spectrum of the C6H6–Ar cation is dominated by a Fermi-resonance between the IR
active ν11-mode and two components of the combination mode of the low frequency modes ν6
and ν16. A stringent upper limit of 316 cm−1 is found for the value of the dissociation limit D0
of the neutral C6D6–Ar complex
1Adapted from: Rob G. Satink, Hans Piest, Gert von Helden, and Gerard Meijer; J. Chem. Phys. 111 , 10750
(1999).
35
2.1. INTRODUCTION
2.1 Introduction
Benzene is arguably one of the most intensely studied molecules, mostly because it is a prototypi-
cal system in many respects. It is the “standard” aromatic molecule. It is highly symmetric (point
group D6h) and therefore has a simple infrared spectrum that shows four intense features [1]. The
removal of an electron from one of the π molecular orbitals of benzene leads to the electronic
configuration . . . (a2u)2(e1g)3. This electronic configuration has the symmetry character 2E1g, and
hence the electronic ground state of the benzene cation is doubly degenerate. According to Jahn
and Teller [2], the coupling of nuclear motion with the electronic degeneracy leads to a distortion
of the symmetrical PES along certain normal coordinates such that the global minimum of the
PES is no longer at the symmetrical geometry of the molecule. This leads to a splitting of the
degenerate electronic state. The symmetry of the molecule is lowered from D6h to D2h, and the
symmetry species of the two electronic states in the point group of lower symmetry are B2g and
B3g. The normal modes that cause this distortion are modes of e2g symmetry [2]. Apart from the
geometrical distortion, there is also the issue of coupling between some of the vibrations of the,
now split, electronic states.
There has been considerable interest in obtaining information on the Jahn-Teller distorted struc-
ture of the benzene cation, and in unraveling its vibrational structure [3]. For many of the halo-
genated benzenoid cations, gas-phase Laser Induced Fluorescence (LIF) studies have been ap-
plied and have yielded a wealth of information on and improved understanding of the Jahn-Teller
effect as such, as in these studies the Jahn-Teller active modes are directly accessible [4, 5]. Its
low fluorescence quantum yield, due to rapid crossing from the optically allowed state to a dark
state, has prohibited such gas-phase LIF studies on the benzene cation [6].
Photo-electron spectroscopy [7], threshold-electron (ZEKE) [8–10] and threshold-ion detection
(MATI) schemes [11–13] have been successfully used, however, to measure and assign several
vibrational modes in the benzene cation.
2.2 Experimental
Benzene-argon complexes are created by injecting a gas mixture of a fraction of a percent of
benzene in argon into vacuum. Benzene-argon cations are prepared under field free conditions
via a two-color 1+1’ REMPI scheme. The vibrationless first excited state is not accessible from
the vibrationless electronic ground state. Therefore the transition S1 (61)←S0 at 38585 cm−1 is
used [14] to excite the complexes to the intermediate electronic state. From this intermediate
state, the complexes are further excited to be ionized just barely above threshold (See Figure
2.1) [15], with an excess energy of less than 10 cm−1 above the IP (Ionization Potential). Since
the intermolecular vibrations of the argon atom with respect to the benzene molecule are of
low frequency, 10-50 cm−1 typically [16], there is a concern that more than one state is excited
upon ionization. By remaining relatively near to the IP, this problem is circumvented and cold
cationic benzene-argon complexes are prepared. After being prepared, the cations are irradiated
with the infrared light from FELIX. The resulting ions are extracted by applying a voltage pulse
to one of the grids of the TOF-assembly after the light pulse from FELIX. When the infrared
light from FELIX is resonant with a transition to a vibrationally excited state that is above the
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Figure 2.1: The excitation scheme used to measure the infrared spectrum of the benzene-argon
cation. Benzene-argon cations are prepared at the IP threshold by using a 1+1’ REMPI scheme.
dissociation limit of the complex, bare cationic benzene is formed by dissociation of the complex.
This cationic benzene is produced against zero background, since no cationic benzene is initially
prepared by the UV lasers, due to the fact that the indicated transitions of benzene-argon are red-
shifted with respect to the corresponding transitions of benzene. The shift of the transition from
the ground state to the first excited singlet state amounts to 21 cm−1 [14], which is well resolved
with the here employed laser systems. The infrared spectra are measured by monitoring the ratio
of bare benzene cations to the sum of bare benzene and benzene-argon cations as a function of
the wavelength of the infrared light. The equation that is used to obtain the relative cross section
from the dissociation yield is basically an adaptation of Equation 1.6:
σ(ν) ∝ 1
W
ln
Nbenzene−argon(ν)
Nbenzene(ν) + Nbenzene−argon(ν)
(2.1)
inversely, it is possible to check whether a specific transition obeys Equation 2.1 by monitoring
the amount of produced bare benzene cations as a function of the power of the infrared laser. The
power dependence that should be observed for a linear absorption can be expressed as:
Nbenzene
Nbenzene + Nbenzene−argon
∝ 1− e−σW (2.2)
Equation 2.1 is only valid when the complex dissociates after being vibrationally excited. But
in the case that the vibrational excitation is below the dissociation limit, the complex can not
dissociate. When then a second photon is absorbed, the complex might have enough energy to
dissociate. However, now Equation 2.2 will not hold since the dissociation requires two pho-
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Figure 2.2: The upper trace shows the infrared spectrum of the benzene-argon cation as mea-
sured by using infrared photodissociation spectroscopy. The lower trace corresponds to the IR
spectrum as predicted by a B3LYP/D95(d,p) calculation at a distorted D2h geometry.
tons. This means that a measurement of the power-dependence of a certain resonance can reveal
whether an observed line is above or below the dissociation limit [17].
2.3 Results and Discussion
2.3.1 C6H6+–Ar
In Figure 2.2 the observed IR absorption spectrum of the C6H6–Ar cation, as recorded via the
scheme depicted in Figure 2.1, is shown as the upper trace. At least twelve IR transitions can
be identified in the 450–1500 cm−1 region. When comparing this infrared spectrum with the
infrared spectrum of the neutral benzene molecule it is noted that many more resonances are
observed for the benzene cation. The spectrum is dominated by intense IR transitions in the
600–700 cm−1 region.
The lower trace of Figure 2.2 corresponds to the infrared spectrum of the bare benzene cation,
such as calculated via a quantum chemical calculation (B3LYP/D95(d,p)). The comparison be-
tween the experimental spectrum of the benzene-argon cation and the calculated IR spectrum of
the bare benzene cation is appropriate since the effect of the argon atom on the benzene cation is
only minimal. The change in observed position of the vibrational features due to the attachment
of an argon atom is usually less than a percent [18, 19]. Due to the fact that a calculation on the
entire complex is computationally more expensive, the IR spectrum of the bare benzene cation
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Figure 2.3: The geometry of the distorted benzene cation as predicted by a calculation at the
B3LYP/D95(d,p) level. The symmetry of the molecule is D2h. Bond distances are shown in A˚.
is calculated.
In the calculation, a minimum is found when the molecule is shortened along one side (Fig-
ure 2.3). This reduces the symmetry of the benzene cation to D2h, and the electronic state of
the molecule is thus of symmetry species B3g. Identification of the normal modes of benzene
was performed by inspecting the motions of the normal modes using the visualization program
Gaussview (Gaussian Inc.) and comparing these with the known motions of the normal modes
[20]. For the numbering of the normal modes, the convention of Wilson is used (See Appendix,
Table 2.1) [21]. In a recent paper, Mu¨ller-Dethlefs et al. [22] have also modelled the benzene
cation by performing density functional theory calculations at distorted geometries and reached
the conclusion that the BLYP functional reproduces the seperation between the two electronic
states well. The vibrational frequencies for the benzene cation have been calculated as well
using this functional in combination with the D95(d,p) basis set. When comparing the result-
ing frequencies with the set obtained at the B3LYP/D95(d,p) level, it is observed that there is
some discrepancy between the two calculations. However, aside from frequency differences, no
change is observed in the general features of the spectrum. The tendency of the frequencies cal-
culated using the BLYP functional to be lower with respect to those calculated using the B3LYP
functional, can be attributed to the difference in scaling factors for these functionals [23]. In gen-
eral, the combination B3LYP/D95(d,p) has proven to produce accurate vibrational frequencies
for conjugated systems [24–26].
When the observed infrared spectrum is compared to the theoretical spectrum, it can be con-
cluded that modes are calculated in the vicinity of experimentally observed resonances. How-
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ever, the calculation does not reproduce the observed infrared spectrum correctly. Especially the
600–700 cm−1 and the 1300–1500 cm−1 regions do not seem to be well modelled. It is noted,
however, that in the 900-1200 cm−1 region, the calculation shows remarkable overlap with the
experimentally observed spectrum. The 600–700 cm−1 part of the spectrum is predicted by the
calculation to contain only a single feature, the ν11 C-H out-of-plane umbrella mode. How-
ever, four distinct features are observed in this spectral range, and one additional feature seems
unresolved at 635 cm−1 (See Figure also 2.5). When comparing the current measurements in
this region, with measurements using the ZEKE [8] and MATI [11] techniques, it is noted that
at these positions modes have been assigned to two ν61161(±3/2) modes and the ν6(1/2) mode.
These schemes do not have the strict selection rules, however, that the current scheme incor-
porates. The combination bands do in principle have the correct symmetry to allow an infrared
transition to these states from the ground state of the ion, but such transitions are usually expected
to have weaker oscillator strength with respect to transitions to fundamental vibrations. It is also
clear that the ν11 mode should appear somewhere in this specific spectral region. The symmetry
of the ν6 mode is e1g in the D6h point group, thus corresponding to a state to which a transition
from the ground state of the benzene cation is not allowed. Formally, the inversion operation
is not a valid operation for the benzene-argon complex. In the C6v point group, to which this
complex belongs, transitions to the ν6 mode are allowed, leaving the question open as to whether
the attachment of an argon atom, which has only a slight interaction with the benzene cation, is
sufficient to break the gerade/ungerade symmetry.
In the remaining part of the spectrum, combination modes are even more abundant than in the
600–700 cm−1 region, and thus the possibility that other resonances observed in the remaining
part of the spectrum are due to a combination mode is present. Although transitions to funda-
mental vibrations are predicted by the calculation in this region, it is a priori not clear whether
to expect the calculation to predict accurate vibrational frequencies. Miller et al. have suggested
an assignment of most of the resonances of the currently observed spectrum, based on more ad-
vanced ab initio calculations [27]. A complete listing of the vibrational frequencies obtained in
the quantum chemical calculation (B3LYP/D95(d,p)) together with the assignment of some of
the here observed modes is given in Table 2.1 in the Appendix.
2.3.2 C6D6+–Ar
In Figure 2.4 the observed IR absorption spectrum of the fully deuterated benzene-argon cation
is shown as the upper trace. Fourteen peaks are identified in this spectrum with intense features
at 485 cm−1, 1223 cm−1 and 1395 cm−1. In principle, the spectrum of the fully deuterated ben-
zene cation should be similar to that of the fully hydrogenated benzene cation, except for shifts
of modes which involve motions of deuterium atoms. However, when comparing this spectrum
to that of the hydrogenated benzene cation (Figure 2.2), it is observed that the spectrum has
changed quite dramatically upon deuteration. Especially the dominating resonances observed
in the 600–700 cm−1 region in the C6H6+-Ar infrared spectrum seem to have been reduced to
just a single one at 485 cm−1. In the 550–850 cm−1 spectral range, a total of seven low inten-
sity resonances are observed, far more than the four low-intensity resonances between 900 cm−1
and 1200−1 observed for the hydrogenated benzene-argon cation. Also in the 1100–1500 cm−1
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Figure 2.4: The upper trace shows the infrared spectrum of the perdeuterated benzene-argon
cation. The lower trace corresponds to the infrared spectrum as predicted by a B3LYP/D95(d,p)
calculation.
spectral range more resonances appear to be present than observed in the corresponding region
of the hydrogenated benzene-argon cation. Apart from the increase in observed resonances, the
relative intensities of the lines in the spectrum have changed dramatically. The lower trace of
Figure 2.4 shows the infrared spectrum as predicted by a quantum chemical calculation at the
B3LYP/D95(d,p) level. Again, the features that are calculated are reflected in the observed spec-
trum, however, at a description of the entire observed infrared spectrum, the calculation fails.
The ν11 “umbrella” mode is now calculated at 499 cm−1 and an assignment to the 485 cm−1
feature in the observed spectrum seems logical. The features at 588 cm−1, 602 cm−1, and 619
cm−1 do not seem to correspond to any transitions to fundamental vibrational levels, such as
predicted by the calculations. In fact, Goode et al. [11] have assigned levels at 603 cm−1 and
620 cm−1 to the two ν61161 (±3/2) components, which have also been observed for the hydroge-
nated benzene-argon cation. Surprisingly, their relative intensity with respect to the features in
the spectrum of hydrogenated cationic benzene-argon is an order of magnitude lower. Since the
ν6 (1/2) was observed in the infrared spectrum of C6H6+-Ar, it could very well be present in this
spectrum as well. This mode is also observed via MATI, at 634 cm−1[11], and ZEKE, at 636
cm−1[8]. It is therefore concluded that this mode is only observed in the infrared spectrum of the
hydrogenated benzene-argon cation complex.
In the spectral region between 750 and 850 cm−1 four resonances are observed. The quantum
chemical calculation also shows four vibrational fundamentals in this region. However, the ob-
servation of combination modes in the low frequency part of the spectrum makes it plausible that
combination modes have mechanisms to obtain enough intensity in other parts of the spectrum as
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Figure 2.5: The upper trace shows the 600–725 cm−1 portion of the infrared spectrum of the
benzene-argon cation, the lower trace is the resulting spectrum of the Fermi resonance model.
The square of the ν11 character of each resulting mode is taken to be proportional to the cross
section of each mode.
well. When looking at the part of the spectrum beyond 1100 cm−1, a total of six resonances are
observed. Comparison with the calculated infrared spectrum suggests in principle a straightfor-
ward assignment of the two strong modes, however, four modes are observed in the vicinity the
strong mode at 1223 cm−1, suggesting that combination modes have anomalously high intensity
in this region as well.
2.3.3 Fermi resonances
The observed changes in intensity of the ν61161 (±3/2) modes in the infrared spectrum upon
deuteration of the molecule suggests that there is a mechanism at work that enhances the cross
section of these combination bands. The mechanism most likely to be responsible for such a
phenomenon is a Fermi resonance [1, 28] between the combination modes and an IR active
mode. For the latter, a likely candidate is the ν11 IR active mode calculated at 678 cm−1 for
C6H6+, and calculated at 499 cm−1 for C6D6+. For the Fermi resonance to occur between the
combination bands and the IR active mode, they have to be of the same symmetry species. Mode
ν11 is of the vibrational symmetry species a2u in the D6h point group. Modes ν6 and ν16 are of
symmetry species e2g and e2u respectively. The total vibronic symmetries of the states are given
by:
Γ(111) = E1g ⊗ a2u = E1u (2.3)
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Figure 2.6: The upper trace shows the 450–650 cm−1 spectral region of the infrared spectrum of
the perdeuterated benzene-argon cation, the lower trace is the resulting spectrum of the Fermi
resonance model. The square of the ν11 character of each resulting mode is taken to be propor-
tional to the cross section of each mode.
Γ(61161) = E1g ⊗ (e2g ⊗ e2u) = E1g ⊗ (a1u ⊕ a2u ⊕ e1u) = 3E1u ⊕B1u ⊕B1u (2.4)
The resulting vibrational structure from the perturbations to the Hamiltonian by the JT effect as
outlined in section 1.4.2 can be calculated specifically for the the modes 6 and 16 [11]. From
these calculations, it can be shown that the modes 61161 (±3/2) are degenerate states, and thus of
symmetry E1u. These modes are predicted to appear at 656 cm−1 and 676 cm−1 in the spectrum
of C6H6+–Ar, and are thus in the vicinity of the 111 mode. The coupling of the modes depends
on the anharmonic terms of the potential energy surface along these specific coordinates. In
analogy to the secular determinant described by Herzberg [1], a secular determinant is set up
here to model a Fermi resonance between the 111-mode and the 61161 modes. With the limited
information available here, it is not possible to constrain all the variables in the model, and
therefore a limited set was chosen
∣∣∣∣∣∣
ω11 − ω α α
α ω61161 − ω 0
α 0 ω′61161 − ω
∣∣∣∣∣∣ = 0 (2.5)
The coupling of the 111 mode is simplified to be exclusively with each 61161 mode, which are
assumed not to mix with one another. Also, the 111 mode is assumed to couple identically to both
components. By using the observed line positions as the input for the eigenvalues to be obtained
and the square-root of the relative intensities as the amount of “11”-mode character that the final
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eigenvectors should have, and subsequently fitting the variables in the secular determinant, the
unperturbed positions of the various states can be found. Shown in Figures 2.5 and 2.6 are parts
of the observed spectra of C6H6+-Ar and C6D6+-Ar, respectively. The resulting spectrum for
each of these fits is shown, as the lower trace in these figures.
The initial deperturbed values for the Fermi resonance of the hydrogenated benzene-argon cation
are 665 cm−1 (111), 656 cm−1 (61161) and 669 cm−1 (61161). The interaction parameter is found
to be 23 cm−1. The deperturbed position of the ν11 mode is predicted well by the quantum
chemical calculation, which puts it at 678 cm−1. The theoretical unperturbed positions of the
61161 modes are given by the calculation of the vibrational structure of the modes 6 and 16,
as described earlier. The calculated values obtained via this model for the 61161 are 656 cm−1
and 676 cm−1. The deperturbed values obtained from the Fermi resonance model show perfect
agreement with one of the modes, however, the position of the other mode seems a bit off.
The unperturbed values of the levels for the deuterated benzene-argon cation are 494 cm−1 (111),
598 cm−1 (61161), and 615 cm−1 (61161). The value of the interaction parameter is 25 cm−1 in
this case. The position of the unperturbed ν11 mode is again well predicted by the DFT calcula-
tion. The combination modes are predicted to be at 595 cm−1 and 618 cm−1, in good agreement
with the values obtained from the Fermi resonance model. Thus, the model predicts the posi-
tions and intensities of these modes nicely. The small discrepancies which can be observed are
probably due to the fact that the same coupling coefficient is used for both 61161 modes.
2.3.4 Dissociation limit
In Figure 2.7 the dissociation yield on the 485 cm−1 resonance is shown as a function of the
fraction of maximal power available at that wavelength. The data points are fitted with a function
of the form as indicated on the right-hand side of Equation 2.2. The smooth curve in Figure 2.7
represents the result of the fit through these points. It is observed that the power dependence of
the dissociation yield accurately follows the predicted curve for linear absorption of a two-level
system. It is therefore concluded that the 485 cm−1 resonance is above the dissociation limit
of the C6D6+-Ar complex. From this upper limit for the dissociation limit, upper limits for the
dissociation limits of the neutral ground state and the first electronically excited state can be
calculated. The transition frequencies from the ground state to the first excited state and from the
first excited state to the ionization potential are known for both bare benzene–d6 and the benzene–
d6–argon complex. From these transition frequencies, which are redshifted for benzene–d6–
argon with respect to the same transitions in benzene–d6, the differences in dissociation limit of
the complex with respect to the dissociation limit of the cationic ground state can be calculated
for both neutral ground state and first excited state [14, 15]. By substracting these differences
we find for the neutral ground state that the dissociation limit is below 316 cm−1 and for the
first electronically excited state that the dissociation limit is below 337 cm−1. Several recent
experiments have also focussed on the measurement of the dissociation limit of weakly bound
complexes, and some specifically on the benzene-argon complex [29, 30]. The dissociation
limits observed in these experiments agree with the current upper limit of 316 cm−1 found in this
measurement. Several theoretical calculations have also been performed to model the benzene-
argon complex [31–33]. The most recent study by Cappelletti et al. and their measurement of
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Figure 2.7: The power dependence of the dissociation yield on the 485 cm−1 resonance of the
perdeuterated benzene-argon cation. A curve that represents linear power dependence behavior
is fitted to the data.
the actual dissociation limit by using a beam scattering technique [30], agrees well with the here
presented experiments.
2.3.5 C6H6+–Kr
In Figure 2.8 the infrared spectrum of the hydrogenated benzene-krypton cation is shown in the
600–750 cm−1 spectral range. The relative intensities of the two most dominant peaks of this
part of the spectrum is different from the ratio that was observed for the same resonances in the
benzene-argon complex. Also, the small peaks at 661 cm−1 and 678 cm−1 are observed here,
though they are barely above the baseline noise.
An upper limit for the dissociation limit of the cationic benzene-krypton complex has been es-
tablished by Krause et al. [12] at 635 cm−1, which corresponds to the 61161 level, observed here
at 632 cm−1. But the time window available for dissociation in those experiments extends up to
200 µs, whereas here the metastable complexes are pulse extracted a few microseconds after the
end of the FELIX macropulse. Therefore, if dissociation from this level is slow, it might explain
the lower observed intensity for this line in the spectrum.
2.4 Conclusion
The first gas phase infrared absorption spectra of both the hydrogenated as well as the perdeu-
terated benzene–argon cation have been recorded in the 400–1700 cm−1 spectral range. The
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Figure 2.8: Shown is a portion of the infrared spectrum of the benzene-krypton cation. When
compared to the infrared spectrum of the benzene-argon cation, the changed relative intensity of
the resonance at 631 cm−1 compared to the resonance at 698 cm−1 is observed.
spectra show some of the consequences the Jahn-Teller effect has on the vibrational structure of
the benzene cation. Also, the fact that the Jahn-Teller effect distorts the PES is an attributing fac-
tor to the three mode Fermi resonance observed in the spectra, since anharmonicity is introduced
in the PES. The appearance of additional modes in the region where only a few fundamental
vibrations are expected raises the suspicion that in other parts of the spectra Fermi resonances
might also occur, especially with the known non-neglible anharmonic terms in the PES present,
and that therefore a straightforward assignment is complicated. However, the quantum chemical
calculations seems to shows reasonable agreement with the observed infrared spectrum. The fact
that the power dependence of resonances that lie above the dissociation limit should show linear
absorption behavior is used to establish an upper limit for the dissociation limit of the deuterated
benzene-argon cation. The upper limit in the cationic state corresponds to the resonance at 485
cm−1 and by subtracting the difference in dissociation limit between the cationic ground state
and the neutral ground state, the upper limit for the dissociation limit in the ground state is found
to be 316 cm−1.
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2.5 Appendix
Calculated Frequency (cm−1) Calculated IR intensity (km/mole) Observed Frequency (cm−1) Assignment
253 0
290 3.2
339 0
425 0
592 0
631 61161 + 111
635
661 61161 + 111
678 101.2
678 61
698 61161 + 111
789 0
894 0
948
949 0
958 26.7
971 0
987
991 6.6
995 0.1
1007 0
1019 0
1063 13.3
1068
1174
1196 2.5
1208 0
1346
1361 0
1371 0
1381
1410
1414 30.8
1438 126.6
1462
1531 57.0
1669 0
3212 1.2
3215 0
3226 0
3229 7.5
3238 14.1
3241 0
Table 2.1: Complete listing of all the observed and calculated vibrational frequencies of the
C6H6–Ar+ complex. Where possible, observed resonances are identified by the Wilson number
of the corresponding vibrational mode
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Calculated Frequency (cm−1) Calculated IR intensity (km/mole) Observed Frequency (cm−1) Assignment
246 2.1
249 0
297 0
343 0
485 111 + 61161
499 45.7
588
602 61161 + 111
619 61161 + 111
566 0
612 0
720 0
773
776 0
784 4.5
813
815 0
823
825 4.2
828 7.4
835
849 0.2
864 0
871 0
933 0
949 1.7
1065 0
1130
1147 0
1151
1223
1239 120.9
1262
1278
1334 3.8
1395
1452 77.8
1624 0
2373 0.2
2378 0
2382 0
2386 0.02
2402 3.1
2406 0
Table 2.2: Complete listing of all the observed and calculated vibrational frequencies of the
C6D6–Ar+ complex. Where possible, observed resonances are identified by the Wilson number
of the corresponding vibrational mode
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Chapter 3
Vibrational lifetimes of aniline–noble gas
complexes1
The lifetimes of electronic ground state, vibrationally excited aniline–noble gas complexes are
measured in pump–probe experiments. When exciting the I20-mode (422 cm−1) of aniline-X
(X=Ne, Ar), lifetimes are measured to be 36 ± 3 ns for the neon complex and 151 ± 34 ns for
the argon complex. Upon deuteration of the amino group, the frequency of this mode shifts to 335
cm−1 and the lifetimes increase dramatically. Ring deuteration of aniline shortens the lifetime
of the vibrationally excited aniline-argon complex to 29 ± 3 ns. Comparison of these results
with statistical theory shows non-statistical behavior which is attributed to slow Intramolecular
Vibrational Redistribution (IVR).
1Adapted from: Rob G. Satink, Joost M. Bakker, Gerard Meijer, and Gert von Helden; Chem. Phys. Lett. 359,
163 (2002).
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3.1 Introduction
To study and understand energy transfer at a fundamental level, weakly bound complexes, as
for example noble gas atoms bound to simple molecules, can serve as model systems. In these
systems, energy can be deposited in a controlled way into the degree of freedom of interest
and the time evolution can then be monitored by laser probing schemes. When exciting such
complexes above the dissociation limit, there are two initial energy relaxation processes that are
important: Intramolecular Vibrational Redistribution (IVR) and Vibrational Predissociation (VP)
[1, 2]. The time scales of these processes vary with complex composition and internal excitation
[3–5].
The fact that weakly bound complexes dissociate easily, is exploited in certain spectroscopic
techniques, where the presence of a so called “messenger particle” is used as a probe for the
absorption of a photon [6]. These techniques rely on dissociation of the complex on a time scale
which is much shorter than the time-window for detection when making a transition to a level
above the dissociation limit of the complex. If the lifetime of a metastable complex is long on the
time scale of the experiment, the actual observed cross section obtained by such a dissociation
spectroscopy scheme will seem lower than it actually is. As discussed in Section 2.3.5, this might
be affecting the infrared spectrum of the benzene–krypton cation.
Here, results are presented on the dynamics of vibrationally excited aniline (C6H5NH2) com-
plexed with a noble gas atom. Several studies have been performed on the dissociation dynamics
of electronically and vibrationally excited aniline noble gas atom complexes [3, 7–10]. By us-
ing bright, tunable short pulse infrared (IR) lasers, such as the Free Electron Laser FELIX [11],
the relaxation dynamics can also be studied for vibrationally excited complexes in the electronic
ground state, which is a regime that is particularly relevant for modeling (thermal) energy trans-
fer. In addition, it should be noted that experiments on the S1 electronic surface can not measure
complex lifetimes that are longer than the radiative lifetime of the S1 state. On the electronic
ground state surface, however, the ultimate physical limit is given by the radiative lifetime of the
vibrationally excited state, which is on the millisecond time scale. Realistically, the upper limit
for the lifetime that can be measured is given by the interaction time of the complexes with the
lasers, which is on the order of a few microseconds when using molecular beam techniques.
In previous experiments it has been observed that in the region between 300 and 2000 cm−1 one
normal mode dominates the infrared spectrum of aniline [12]. This mode gives rise to two strong
features in the IR spectrum in this spectral range, corresponding to transitions to two levels of the
inversion mode potential of the NH2 group [13–16]. In the argon complexes, the I20 (amino inver-
sion mode) transition occurs at a photon energy of 422 cm−1 for both aniline–h7 and aniline–d5
(ring-deuterated aniline, C6D5NH2), and at 335 cm−1 for aniline–d2 (amino-deuterated aniline,
C6H5ND2). The observation of this vibrational mode at 335 cm−1 is in agreement with previous
observations [17]. These frequencies do not shift significantly when changing from the argon
complex to the neon complex, and are only slightly above the dissociation limit D0 of the com-
plexes, bracketed between 273 cm−1 and 329 cm−1 for the argon complex [12] and expected
around 142 cm−1 for the neon complex [10].
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Figure 3.1: The excitation scheme used to measure the lifetime of the vibrationally excited
aniline-X (X=Ar, Ne) complexes. The complexes are first excited to the vibrationally excited
state, after which the population in the vibrationally excited state is probed at a variable time
delay between pump and probe pulse.
3.2 Experiment
The excitation scheme that is used to record the time-dependent behavior of the vibrationally
excited state of the aniline-argon complex is shown in Figure 3.1. FELIX is used to vibrationally
excite the aniline-X (X=Ar,Ne) complexes. When this excitation is above the dissociation limit
of the complex, the possibility exists that the complex dissociates. In addition, it is possible that
the vibrational energy is redistributed, regardless of whether the complex has been excited above
its dissociation limit or not. In both cases a decay of population in the vibrationally excited
state should be observed. The micropulse spacing in the FELIX macropulse is set to 40 ns. The
population of vibrationally excited complexes is monitored, as a function of time delay of the
UV laser pulse with respect to a micropulse, by performing 1+1 REMPI from this vibrationally
excited level. The intermediate level to which the probe laser is tuned, is the vibrationless elec-
tronically excited singlet state S1. A second UV laser photon ionizes the aniline-X complex,
with about 5000 cm−1 excess energy [15, 18]. The UV laser is synchronized to a micropulse of
FELIX to better than one nanosecond [19]. The attainable time resolution is determined only by
the duration of the UV pulse, which is 3-4 ns.
None of the lasers employed can select individual rotational levels of the complex. The measured
lifetimes are thus averages over the rotational distribution in the molecular beam.
3.3 Results and Discussion
FELIX is tuned to the transition corresponding to the inversion mode of the NH2 group in aniline
at 422 cm−1 and thus puts a fraction of the aniline–noble gas complexes in the vibrationally ex-
cited state. The vibrationally excited complexes are monitored by using the 1+1 REMPI scheme
described in Section 3.2. In Figure 3.2, the ion intensity of the various complexes is shown
as a function of the time delay between the UV laser and FELIX. FELIX runs at a micropulse
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Figure 3.2: By varying the delay time between an infrared micropulse and the UV pulse, tran-
sients are obtained for the various aniline-X (X=Ar, Ne) species. The smooth curves are expo-
nentially decaying fits to these transients; the 1/e decay times are given in the Figure. The times
at which there is temporal overlap of the laser pulses is indicated by arrows.
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repetion rate of 25 MHz and maxima in signal intensity are observed when the UV laser coin-
cides in time with a FELIX micropulse. In the figure, a time window of 80 ns is shown and
the times of optimum overlap between the UV laser and individual micropulses are indicated
with arrows. In between two micropulses the signal decays, indicating that the population in the
vibrationally excited state is decreasing. This can be attributed to the IVR and/or dissociation
that the vibrationally excited complexes are undergoing. The observed ion signal as a function
of time is a convolution of the FELIX micropulse structure, the pulse widths of the two lasers
and the decrease in population of complexes in the vibrationally excited level over time. The
smooth curves shown in the figure represent fits of such convolutions with the assumption of
single exponential decay from the vibrationally excited state. The adjustable parameters in the
fits are the lifetimes of the excited complexes. The extracted lifetimes for the aniline–h7–noble
gas complexes excited at 422 cm−1 are 36 ± 3 ns and 151 ± 34 ns for the neon and argon com-
plexes, respectively. In the same figure, traces are shown that are obtained when using deuterated
species of aniline. For aniline–d5–argon (all ring positions deuterated) a lifetime of 29 ± 3 ns
is found. The bottom trace of Figure 3.2 shows the result that is obtained for aniline–d2–argon,
for which the excitation energy, 335 cm−1, is only slightly above the dissociation threshold. This
trace shows no recognizable time structure, indicating that this complex has a lifetime exceeding
several hundreds of nanoseconds. Not shown here is the trace that is obtained for the aniline–
d2–neon complex, which also shows no time structure and thus also has a lifetime of this order.
Lifetimes of several hundreds of nanoseconds are difficult to measure using the present setup as
it is difficult to abruptly turn off FELIX and as the complexes in the beam leave the interaction
region with the lasers on a microsecond time scale. As a lower limit, lifetimes of at least several
hundreds of nanoseconds are inferred from the measurements reported here and it might be that
the complexes have a very long lifetime or do not undergo IVR and dissociation at all.
Quantum chemical calculations (B3LYP/D95(d,p)) [20] were performed to obtain vibrational
frequencies for aniline–h7, aniline–d2 and aniline–d5; see Table 3.1 for a listing of the 10 lowest
vibrational frequencies for each species. These calculations show that by deuterating the ring,
the frequencies of several vibrations involving ring hydrogen atoms are lowered with respect to
similar vibrations in aniline–h7 . Some prominent changes in vibrational structure therefore take
place in the low frequency region in which the C–H out of plane vibrational modes are found.
And although not accurately modeled [12], only a slight change is observed in the transition
frequency of the amino inversion mode, supporting the experimental observation that the I20 tran-
sition frequency hardly changes upon deuteration of the ring. When deuterating only the amino
group, there is a significant change in transition energy for the I20 mode, which is then at 335
cm−1, and this change in frequency is also observed qualitatively in the calculations. Other vi-
brational modes are also affected by the deuteration of the amino group as can be observed from
Table 3.1.
If the complexes would behave statistically, i.e. very fast energy flow and randomization of en-
ergy in phase space, the dissociation lifetime could be estimated using the RRKM theory (See
section 1.5) [2]. As input, the vibrational frequencies are needed, which are taken from the den-
sity functional calculations. The transition frequencies corresponding to the NH2 inversion mode
are not described well when calculating the frequencies using the harmonic approximation. On
the other hand, accurate experimental transitions frequencies for this specific normal mode have
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Aniline–h7 Aniline–d5 Aniline–d2
220 207 200
277 275 211
379 361 346
414 366 413
503 433 444∗
529 516 519
603∗ 551 532
625 595∗ 624
701 599 701
761 633 760
Table 3.1: Listed are the ten lowest vibrational modes of three aniline species with different
isotopic substitutions. The frequencies are obtained in a quantum chemical calculation at the
B3LYP/D95(d,p) level. The vibrational frequencies are listed in cm−1. The inversion mode is
indicated with an asterisk.
been determined at 41 cm−1 and at 422 cm−1 [21], and are used in the calculation. The fre-
quencies of the intermolecular Van der Waals modes are 18 cm−1 (bending), 26 cm−1 (bending)
and 42 cm−1 (stretching) for the aniline-argon complex [22]. For the aniline–neon complex the
intermolecular vibrational frequencies are assumed to be 14 cm−1 (bending), 28 cm−1 (bending)
and 47 cm−1 (stretching). These frequencies are the intermolecular vibrational frequencies of the
benzene–neon complex [23], and should be a good first order approximation to the intermolec-
ular vibrational frequencies of the aniline–neon complex. We choose the stretching mode to be
the coordinate of dissociation in the RRKM calculation. As the vibrational progression in the
inversion mode is everything but harmonic, vibrational state densities are calculated on top of
the ground state, the 41 cm−1, and the 422 cm−1 mode. These are added up to obtain the density
of states of the complex with which one can obtain the rate of dissociation. The dissociation
threshold is set to 300 cm−1 for aniline–h7–argon and to 140 cm−1 for aniline–h7–neon.
In Figure 3.3, the rates as calculated by using the RRKM theory are shown as a function of inter-
nal energy of both complexes, together with the experimental data points. Due to the sparseness
of the energy levels, the rates show strong oscillations at low energies. The calculations show a
much higher (more than four orders of magnitude) rate than experimentally observed, implying
that, at the excitation levels used, the statistical picture does not apply. In the electronically ex-
cited S1 state, the aniline–Ar complex is known to have significantly longer lifetimes for direct
dissociation than predicted by RRKM theory as well [3, 7–10]. From dispersed fluorescence
studies it is also clear that the complex exhibits IVR [7–10].
In the experiments presented here, the disappearance of the population in the initially excited
level is monitored. This population decrease can be caused by IVR and/or complex dissociation.
In order for the complex to undergo IVR or to dissociate, energy has to be transferred from the
intramolecular degrees of freedom to the Van der Waals (VdW) bond. In principle, the complex
could dissociate directly from the initially prepared level. Alternatively, the energy can be trans-
ferred step by step, i.e., the chromophore releases its energy by de–exciting the initially excited
state and populating a combination mode of a vibration of aniline that is lower in energy plus an
intermolecular vibrational excitation. By continuing this process, the vibrational energy in the
aniline molecule decreases and the vibrational energy in the VdW bond increases. Immediate
56
CHAPTER 3. VIBRATIONAL LIFETIMES OF ANILINE–NOBLE GAS COMPLEXES
0 200 400 600 800 1000
6
7
8
9
10
11
12
13
14
Neon complex
Argon complex
RRKM Aniline - Neon
RRKM Aniline - Argon
d5 - Argon complex
R
a
te
(s
-1
),
 l
o
g
 s
c
a
le
Energy(cm-1)
Figure 3.3: Logarithmic plot of the results of the RRKM calculations for the dissociation rates of
the two aniline-h7 complexes, together with the observed decay rates (diamond data points) of
the vibrationally excited levels.
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Figure 3.4: Pictorial presentation of the process of IVR leading to the dissociation of the aniline-
h7-argon complex. Stepwise release of vibrational energy of the chromophore to the Van der
Waals modes takes place, ultimately leading to dissociation.
transfer of the entire amount of vibrational energy to the VdW bond would correspond to direct
VP, while stepwise de–excitation corresponds to IVR followed by VP [1]. Wavefunction overlap
arguments (the “energy gap” rule [24]) suggest that the probability for energy exchange between
quantum states decreases exponentially with the amount of energy that has to be exchanged. For
the energy to be transferred at once from the aniline mode to the VdW mode, a few quanta of
aniline intramolecular vibration have to be exchanged with many quanta of VdW vibration. It
thus seems more likely that the system chooses to exchange the energy in several steps, thereby
minimizing the exchange of energy (or quanta) in each step [25].
A pictorial representation of the IVR and dissociation process is given in Figure 3.4. The vibra-
tional energy levels in aniline, as obtained from the quantum chemical calculation, are shown,
and on top of some of them, the energy level structure resulting from the VdW modes. Initially,
FELIX excites the 422 cm−1 mode. From left to right, the energy in the aniline chromophore
decreases while the energy in the VdW modes increases. An aniline mode that is only a few
wavenumbers away (the 414 cm−1 mode, C-H in-plane bend) will likely not participate in the
stepwise de–excitation, as there are no corresponding states in the VdW vibrational subspace of
this vibrational mode that will nearly overlap with the initial excitation. One step might be to
populate the 379 cm−1 mode (C-C bend) and transfer 43 cm−1 into the VdW modes. Whether
that is likely or not depends on coupling between the initial state and these possible decay chan-
nels. At one point, enough energy will have accumulated in the VdW modes, and the complex
can dissociate. In the case of neon, that is already the case when reaching the 220 cm−1 mode
(C-C bend) in aniline, while for argon, the system has to reach one of the two lowest states in
order to dissociate.
By exchanging the hydrogen atoms on the aromatic ring of aniline for deuterium atoms, the
vibrational frequencies of the molecule change due to the change in mass. The change in fre-
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quency is dependent on the contribution of the hydrogen atoms to the reduced mass. In the C-H
stretch region, these changes are significant, whereas the changes in frequencies of C-H bend and
C-C vibrations are less pronounced. Calculations on aniline–d5 (Table 3.1) show that four low
energy modes beneath 422 cm−1 shift somewhat in position with respect to aniline–h7. These
subtle differences nevertheless have the effect of a five fold reduction of lifetime with respect
to aniline–h7–argon, demonstrating that wavefunction overlap at the initial level of excitation
governs the rate of IVR and therefore the rate of dissociation. For deuterated aniline–d2–noble
gas complexes the excitation energy is lower, 335 cm−1, and fewer vibrational modes of ani-
line are found beneath this level of excitation (See Table 3.1). The aniline–d2–neon complex is
expected to be about 200 cm−1, and the argon complex at least 6 cm−1 above the dissociation
limit. If the statistical picture would apply one would expect to find an appreciable decay rate
from the aniline–d2–neon, faster even than the rate observed for the aniline–h7–argon complex,
however this is not the case. Decay from this level is not observed and it therefore seems that
IVR determines the rate of decay from the vibrationally excited state, as already observed for
the aniline–d5–argon complex. It might be the case that the direct coupling of the excitation to
the VdW modes is very weak and that, due to the sparseness of the energy levels, a stepwise ex-
change is unfavorable as well. A detailed understanding of the microscopic processes involved
has to involve more elaborate quantum mechanical modeling [26].
3.4 Conclusion
The lifetimes of electronic ground state, vibrationally excited aniline–noble gas complexes are
measured by performing pump-probe experiments. When excited to the NH2 inversion mode at
422 cm−1, we find that aniline-h2-Ar has a lifetime of 151 ± 34 ns, for its neon counterpart we
find a lifetime of 36 ± 3 ns. The importance of overlap with other states at the level of initial
excitation is illustrated by the much shorter lifetime of aniline–d5–argon; the factor five shorter
lifetime of this complex upon ring deuteration is the direct result of slight shifts of vibrational
levels of the aniline chromophore taking part in the IVR process. When deuterating the NH2
group, the excitation frequency becomes 335 cm−1, leading to a dramatic lengthening of the
lifetimes.
For both, deuterated and non-deuterated aniline, the measured lifetimes can not be explained by
statistical theories describing dissociation. It is likely that IVR is the rate limiting step in the
dissociation process of the complex.
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Chapter 4
Infrared spectra of neutral and cationic
toluene–Ar1
The infrared absorption spectra of both neutral and cationic toluene-argon have been measured in
the range from 400 cm−1 to 1700 cm−1. The spectrum of the neutral complex compares well to
previously measured spectra of toluene, whereas the spectrum of the cationic species represents
the first complete survey of the vibrational structure of the cation. Both spectra are compared
to results from ab initio calculations. Additional modeling of the potential energy surface is
performed for three vibrational modes in a region where the overlap between experiment and
theory is not satisfactory.
1Adapted from: Rob G. Satink, Gerard Meijer, and Gert von Helden; Chem. Phys. Lett. 371, 469 (2003).
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4.1. INTRODUCTION
Toluene; staggered Toluene; eclipsed
Figure 4.1: Two orientations of the methyl group with respect to the aromatic ring. For the
neutral ground and first electronically excited state the staggered orientation is the lowest in
energy [9]; for the ground electronic state of the cation the eclipsed orientation is the most
stable geometry [10].
4.1 Introduction
Already around the turn of the twentieth century, the vibrational structure of toluene and many
other organic molecules was recorded. The first spectra which revealed this vibrational structure
were infrared spectra obtained by W. W. Coblentz in 1904 [1]. The vibrational structure of the
neutral toluene molecule has been studied extensively by several methods: In the liquid phase
by emission from a cell [1], in a gas cell [2, 3], and by recording the fluorescence from the first
excited singlet state (S1) [4, 5]. The IR spectrum of toluene is found to be similar to that of
benzene, with additional features arising from the attachment of the methyl group [2–6]. Due to
this close resemblance with benzene, the “Wilson” mode assignment convention is often adopted,
which is quite different from usual spectroscopic conventions [5, 7, 8].
With the advent of laser spectroscopy, much more was learned about the spectroscopy of the
toluene molecule as well as of various complexes consisting of toluene and small adducts. In
a comprehensive study on the ground and first electronically excited state, Borst and Pratt [9]
measured rotationally resolved spectra of jet-cooled toluene. From these experiments it is con-
cluded that the methyl group is oriented such that all hydrogens are out of plane with respect
to the aromatic ring (staggered) in both the electronic ground state and the excited state. In the
cation, the molecule geometry is changed with respect to the neutral state by a rotation of the
methyl group such that one hydrogen is now in the plane of the aromatic ring (eclipsed) [10],
see Figure 4.1. In the ground electronic state, the barrier for methyl rotation is known to be low
[9], and as a consequence the orientation of the methyl group should not necessarily be viewed
as fixed. In the case of benzene, the vibrational structure of the cation is of considerable interest
as its IR spectrum has been shown to be complicated, due to the presence of the Jahn-Teller
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instability [11, 12]. In the toluene cation, no such geometry distortion is expected. There are,
however, other reasons to investigate its vibrational structure. The toluene cation is one of the
most studied species in gas phase ion chemistry, as C7H7+ can be formed from it with relative
ease and the conversion between isomeric structures of this species is especially interesting. In
particular, the isomerization to form the seven membered ring ”tropylium“ has been intensively
studied and many open questions remain [13]; see Chapter 5 for more information.
Little information is available on the vibrational structure of the toluene cation, as most studies
on the toluene cation are focussed on the internal rotation of the methyl group with respect to
the aromatic ring [10, 14]. For cationic toluene-argon complexes, the intermolecular vibrations
of the argon atom with respect to toluene have received most attention [15, 16]. However, some
information on the vibrational structure of the cation was obtained using photo-electron spec-
troscopy [17, 18]. Infrared absorption spectra in the C-H stretch spectral region have also been
obtained [19].
The weakly bound complex, which is used in this experiment, is the toluene-argon complex. The
structure of the toluene-argon complex has been studied in less detail than the bare molecule.
Since a rotationally resolved spectrum of the toluene-argon complex has not been recorded yet,
it is experimentally not known where the argon atom is located with respect to the toluene
molecule. However, observations of the Van der Waals vibrations of the argon atom with re-
spect to the toluene molecule indicate that its most probable location is above the aromatic ring
[16, 20].
4.2 Experiment
A mixture of toluene, at a partial pressure of about 40 mbar (vapor pressure at 25 degrees centi-
grade), in 3 bar of argon is injected into the vacuum chamber by means of a pulsed valve. This
mixture expands into vacuum and forms complexes. For the measurement of the infrared spec-
trum of neutral toluene–argon, the ion-dip scheme and data analysis as described for Van-der-
Waals complexes in section 1.3 is used. The wavelength of the UV laser that is used to probe the
ground state is resonant with the transition from the vibrationless electronic ground state to the
vibrationless first excited state (S1 ← S0) of the toluene-argon complex at 37450 cm−1 [9]. A
second photon from the same source will ionize the complex with about 3900 cm−1 of excess en-
ergy with respect to the ionization potential (IP) [10]. Time-of-Flight mass spectra are recorded
and the ion current in mass channel m/z=132 is monitored. In Figure 4.2, a schematic energy
level diagram is shown.
A slightly different scheme is used when performing experiments on cationic complexes. Cat-
ionic complexes are produced in a field-free environment using the same 1+1 REMPI scheme.
Since the ionizing photon brings the complex to an energy of 3900 cm−1 above the ionization
potential, a certain fraction of the complexes will dissociate to form bare toluene ions. How-
ever, about 25 % of the excited complexes end up in states that do not dissociate, all of which
are expected to be below or just barely above the dissociation limit of the cationic ground state.
The relative populations of the various vibrational levels in the ion depend on their Franck-
Condon overlap with the S1 state, which is known from ZEKE (Zero Electron Kinetic Energy)
spectroscopy. Shown in Figure 4.2 is a plot of a ZEKE spectrum of the toluene-argon complex
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Figure 4.2: The energy level schemes relevant for the experiments. In the experiments on the
neutral species, FELIX irradiates the complex first, after which the amount of ground state com-
plexes is probed by two photon ionization. In the experiments on the cationic species, complexes
are first ionized, after which they are irradiated with FELIX. Also shown is the ZEKE spectrum
as obtained by Kimura et al. [16].
recorded by Kimura et al. [16]. The relative intensities in the ZEKE spectrum correspond to the
population probability when excess energy is used in the ionization process. It is seen from this
ZEKE spectrum that, apart from ions in the vibrationless level, ions with a few Van der Waals
modes excited will also be produced. In addition, there might be some population in the modes
observed around 500 cm−1.
Once ionized, the complexes are irradiated with FELIX, and upon making a vibrational transition
to a level above the dissociation limit, they will dissociate. One microsecond after the end of the
FEL macropulse, high voltage is applied to the extraction electrodes, and the ions are accelerated
toward the detector.
4.3 Results
4.3.1 The neutral toluene-argon complex
By employing the ion-dip technique the infrared spectrum of the neutral toluene-argon complex
in the electronic ground state has been recorded. The spectrum is shown in Figure 4.3. Two
resonances near 700 cm−1 dominate the spectrum. In order to gain a better understanding of the
toluene-argon infrared spectrum, the vibrational frequencies and infrared transition intensities
for bare toluene have also been calculated, using quantum chemical methods available in the
GAUSSIAN98 package [21]. For neutral and ionic aromatic molecules, the B3LYP method with
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Figure 4.3: The infrared spectrum of the neutral toluene-argon complex (A) shown in conjunction
with the calculated IR spectrum for the bare toluene molecule(B). Also shown is a convolution of
the stick spectrum with a lineshape function corresponding to the bandwidth of FELIX.
the D95(d,p) basis set has been shown to yield reliable vibrational frequencies and IR intensities
[22, 23]. The optimized geometry is the staggered geometry with Cs symmetry (See Figure 4.1).
In the lower trace of Figure 4.3 the calculated spectrum is shown. Also shown is a convolution
of this stick spectrum with a lineshape-function corresponding to the bandwidth of the laser, in-
cluding the linear increase in width with increasing frequencies. All features in the experimental
spectrum are recognized in the calculated spectrum, and good agreement, both in line position
and in line intensity, is found. By using a visualisation program, the motion of the atoms in
the molecule has been inspected for each normal mode. It is noted that the mode calculated at
727 cm−1 is similar to the ν11 “umbrella” mode, also found to be strong in the IR spectrum of
benzene.
All experimentally observed lines can be unambiguously assigned except for the feature near
1500 cm−1 which is unresolved and most likely consists of several modes, in agreement with
the calculations. In Table 4.1 the observed vibrational frequencies are listed, together with the
calculated values and the values recently compiled and measured by Hickman et al. [5]. For the
current experiments, we estimate the accuracy in line position to be about 0.5 % of the central
frequency. The accuracy in the vertical scale is estimated to be 10 % of the observed cross
section. Taking this into account we can conclude that the values presented here are in good
agreement with previous experiments [1–5]. The normal modes from the calculations can be
visualized and assigned. The resulting assignments following the Mulliken notation [8] as well
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Figure 4.4: The infrared spectrum of cationic toluene-argon (A) together with the calculated IR
spectrum, shown as a stick spectrum, of the bare toluene cation (B). This stick spectrum is also
convoluted with a lineshape function that has a fixed width of 15 cm−1 FWHM.
as in terms of the atomic motion are also given in the table.
4.3.2 The cationic toluene-argon complex
When the toluene–Ar complexes are first ionized and the resulting complex ions are then ir-
radiated by the IR beam, the IR absorption spectrum of the ionic complex can be measured.
The spectrum is shown in Figure 4.4 together with a stick spectrum that is extracted from DFT
(B3LYP/D95(d,p)) calculations on the toluene cation. Calculations on the toluene cation are per-
formed at the same level as the neutral ground state with the main difference being a change in
geometry upon ionization; compared to the ground state, the methyl group is rotated by 30 de-
grees. All resonances in the experimental spectrum are observed to be significantly broader than
the resonances that are observed in the infrared spectrum of the neutral toluene–argon complex.
Also shown is a convolution of this stick spectrum with a 15 cm−1 full width half maximum
(FWHM) Lorentzian lineshape function. The positions and relative intensities of the two lines at
low frequencies, at 564 cm−1 and 729 cm−1, are in good agreement with the predictions of the
calculation. Some asymmetry is observed in these line shapes. Closer to 1000 cm−1, the abun-
dance of modes both in the experimental and theoretical spectrum makes an assignment harder.
The peak observed around 970 cm−1, clearly has substructure and consists of at least three un-
resolved peaks at 959 cm−1, 976 cm−1 and 985 cm−1. This is also consistent with the results
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from the calculation. There are four fundamental modes found in this range (at 964 cm−1, 980
cm−1, 994 cm−1 and 997 cm−1). The mode at 994 cm−1 is calculated to be very weak and only 3
cm−1 away from a neighbouring mode, so that we would not expect to observe that mode in the
experiment. We therefore assign these three modes to the three strong modes which are predicted
in this region. Further up the energy scale, around 1060 cm−1, a feature is observed where the
calculation also predicts one mode. In the feature, it appears that a shoulder is present, suggest-
ing that in fact more than one mode is responsible for this feature. The next two resonances are
observed at 1184 cm−1 and 1230 cm−1, which are tentatively assigned to modes calculated at
1254 cm−1 and 1292 cm−1. The discrepancy with the calculation is somewhat larger for these
modes than for other modes. Visual inspection of the calculated modes reveals that the motions
involve predominantly the C-C bond between the methyl group and the aromatic ring, both the
stretching and the in-plane bending of this bond. It is possible that this part of the potential
energy surface can not be approximated by a Dunham expansion which only includes quadratic
terms, resulting in the larger difference between the calculated and observed positions for these
modes.
In the region between 1300 cm−1 and 1400 cm−1, two features are observed, one at 1335 cm−1
and one feature near 1375 cm−1. The latter seems to consist of two resonances at 1370 cm−1
and 1381 cm−1. The single feature at 1335 cm−1 is assigned to a mode calculated at 1355 cm−1
and the two peaks are assigned to modes at 1407 cm−1 and 1423 cm−1. The last two features
in the spectrum are at around 1450 cm−1 and 1503 cm−1. The feature at around 1450 cm−1 has
some substructure, arising from two vibrational modes calculated to be at 1458 cm−1 and 1477
cm−1. The positions of the deconvoluted experimental peaks are 1438 cm−1 and 1470 cm−1. The
feature at 1503 cm−1 is assigned to a mode calculated at 1527 cm−1. The observed line positions
and calculated values for each of these modes are given in Table 4.2.
The experimentally observed dip-spectrum can only be converted to a linear absorption spectrum
when the dissociation is induced by a single photon. For the benzene-Ar complex ion, the disso-
ciation energy is measured to be below 485 cm−1 [12] and this can serve as an estimate for the
dissociation energy of the toluene-Ar complex ion. It is thus clear that in the high frequency re-
gion of the spectrum, one photon is sufficient to dissociate the complex. For the lowest observed
resonance at 564 cm−1, the situation is not so clear. We therefore measured the dependence of
the dissociation yield on laser fluence for this mode, see Figure 4.5. Through the obtained data
points, a curve is drawn that represents a fitted curve corresponding to the form given in Equa-
tion 2.2. It is observed that the dependence is as expected for a single photon process and it is
concluded that the dissociation limit for cationic toluene-argon is below 564 cm−1. Taking the
shift in ionization potential between toluene and toluene-argon of 166 cm−1 into account [10],
we can conclude that the dissociation limit of neutral toluene-argon lies below 398 cm−1.
When comparing the spectrum of the cationic complex to that of the neutral complex, striking
observations are the change in relative intensities between this spectrum and the spectrum of
neutral toluene-argon and that all lines in the spectrum of the cationic complex are much broader
than in its neutral counterpart. This change in relative intensities of the resonances upon ioniza-
tion can probably be attributed to the removal of an electron from one of the π-molecular orbitals
of the toluene molecule. This will change the intensities of the modes involving C-C bending
and stretching motions. The width of the resonances results from the ionization method that is
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Figure 4.5: Dissociation yield of cationic toluene-argon as a function of laser power on the
564 cm−1 resonance of toluene-argon. A curve is fitted to the data points that described linear
absorption.
being used. The energy of the ionizing photon is about 3900 cm−1 above the ionization potential.
This energy will end up in kinetic energy of the electron and/or internal energy of the complex.
The distribution of internal vibrational energies is directly linked to the amount of Frank-Condon
overlap of this state with the state from which ionization takes place. In a ZEKE-spectrum one
can directly observe this relative overlap. When then looking at a ZEKE-spectrum taken by
Kimura et al. [16] (see Figure 4.2), one can observe that most of the ions will end up with a
vibrationally cold toluene core, but with excited Van der Waals vibrations. However, some ions
will also have an initial excitation in the toluene core of around 500 cm−1. When the excitation
is above the complex binding energy, the complex will most likely dissociate on a short time
scale and not contribute to the spectrum measured here [24]. At the moment, the value of the
dissociation energy is not well known and only an upper limit of 564 cm−1 can be given here.
It is concluded, therefore, that in the IR spectrum shown here, contributions from vibrationally
excited complexes are present, which explain the observed broadening in the spectrum.
There are a few recent publications that deal with the vibrational structure of the toluene cation.
There is a ZEKE study of toluene-argon by Kimura and coworkers [16], and two photo–electron
(PE) studies, one by Eisenhardt and Baumga¨rtel [18] and another by Meek et al. [17]. In the
ZEKE spectrum, there are three vibrational features that are identified: modes 6b, 12 and 18,
which are respectively situated at 484, 978 and 986 cm−1. The ν12-mode is also observed in
the PE-spectrum of toluene [17] at 932 cm−1. In the spectra taken by Baumga¨rtel et al. several
features can be found that might coincide with modes observed here. Specifically the bands
observed at 540 (identified as mode 6b), 1057 and 1376 cm−1 in the photo electron spectrum are
close to features that are observe here. Since photo electron spectroscopy has no strict selection
rules and a generally lower accuracy, a detailed comparison, especially in the high energy region,
is difficult.
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4.3.3 Anharmonicity of normal modes of cationic toluene
When the experimental spectrum of cationic toluene–argon is compared to the calculated infrared
spectrum, the only region where large differences are observed between calculated and observed
modes is the 1100-1400 cm−1 region of the spectrum. Specifically, the modes observed at 1184
cm−1 and 1230 cm−1 are not well reproduced by the calculation. The calculated IR spectrum
predicts two resonances at 1254 and 1292 cm−1, which might tentatively be assigned to these
modes, although the discrepancy with the experiment seems quite large. The 1254 cm−1 mode
corresponds to a stretching of the C–C bond between the aromatic ring and the methyl group. The
1292 cm−1 mode involves mainly C–C in plane bending motion. By assuming that the potential is
harmonic along all normal coordinates, the vibrational frequencies are calculated from analytical
force constants. When, however, large amplitude motion is involved, higher order terms in the
potential might become more important, rendering the harmonic approximation invalid. By also
obtaining higher order terms of the potential, possibly more accurate vibrational frequencies can
be obtained. A more realistic PES can be obtained by calculating the single points of the potential
energy surface along the vector of a normal coordinate and fitting these data points with a high
order polynomial. In the upper panel of Figure 4.6, 21 points of the potential energy surface of the
toluene cation are plotted as a function of the displacement from the equilibrium structure along
the normal coordinate of the 1254 cm−1 mode. A sixth order polynomial is fitted through the data
points. The PES is non-symmetric around the equilibrium point, with the steepest slope in the
direction where the C–C bond between the methyl group and the aromatic ring is compressed,
and thereby showing an obvious deviation from the expected quadratic behavior. The eigenvalues
of this vibrational mode are also calculated, and the transition energy from the ground state to
the first vibrationally excited level is calculated to be 1257 cm−1. The small deviation of this
calculated value from the value calculated by GAUSSIAN implies that the higher order terms
are not important at the bottom of the potential energy surface along this normal coordinate.
In the middle panel of Figure 4.6 the calculated single points are shown that were obtained
by displacing the toluene cation along the 1292 cm−1 normal mode, which corresponds to a
C–C in plane bending motion involving the bond between the aromatic ring and the methyl
group. Also here a sixth order polynomial is fitted to the data. Unlike the 1254 cm−1 mode, the
potential energy surface appears more symmetrical around the equilibrium, thus suggesting that
the harmonic oscillator picture does in fact apply to this mode. The calculated transition energy
of this mode is 1294 cm−1, which is again only a small deviation from the value predicted by
GAUSSIAN.
Another mode which is also in this region of the spectrum and shows large amplitude motion
is the mode calculated at 1355 cm−1. The spatial motion of this mode mainly consists of a
bending of two hydrogens on the methyl group. In the lower panel of Figure 4.6 the results are
shown that were obtained by distorting the toluene cation along this normal coordinate. Some
slight asymmetry is observed in the form of the potential energy well. The transition frequency
obtained for the sixth order polynomial form of the potential is 1356 cm−1.
From these results it can be concluded that by using the described methods, no appreciable
deviation from the harmonic oscillator approximation as incorporated in GAUSSIAN98 is found.
The frequencies such as obtained by fitting sixth order polynomials to the one-dimensional (1D)
PES curves are slightly blue-shifted. Although at large displacements some of the 1D PES curves
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Figure 4.6: Shown in the upper panel are the 21 single points (diamonds) that were obtained by
distorting the toluene cation along the 1254 cm−1 normal mode. In the middle panel, the single
points obtained for the 1292 cm−1 normal mode are shown and in the lower panel, the points for
the 1355 cm−1 mode are shown. Fitted to these data points are sixth order polynomials. Above
the curves, graphics of the toluene cation and the displacement vectors of the atoms with respect
to their equilibrium positions is shown for each normal mode.
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become quite anharmonic, this does not seem to have an influence on the fundamental vibrational
transition frequency. A point of concern with these calculations is the fact that for large amplitude
motions the displacement vector of an atom might change direction and that the calculated path
is not same as the travelled path of one or more atoms. The use of a static displacement vector
will give a steeper 1D PES than one that was obtained by using a dynamic displacement vector.
This can explain why higher frequencies are obtained by using the the static displacement vector,
as was done here.
4.4 Conclusion
We have measured both the IR spectrum of neutral toluene-argon as well as of cationic toluene-
argon in the range between 400 and 1700 cm−1. Although the positions of the vibrational levels
are well-known for the neutral toluene molecule, the data presented here provides the first in-
frared absorption spectrum of the jet-cooled molecule. The spectrum of the toluene-argon cation
represents the first complete survey of the vibrational structure of cationic toluene in the 400–
1700 cm−1 spectral region. The IR spectrum of neutral toluene-argon is in good agreement with
the ab initio calculations and previous studies. The IR spectrum of cationic toluene-argon is also
in good agreement with calculations, however, some open questions remain for the 1100-1400
cm−1 region, where the discrepancies between observed and calculated features is large. Addi-
tional modelling of the PES energy surface along these normal coordinates showed no deviations
from the initially assumed harmonic oscillator approximation.
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4.5 Appendix
ν˜obs(cm−1) ν˜calc(cm−1) Hickman et al.[5] Mode no. (Char.) Motion
25 39 (A′′) Methyl rotation
210 216 22 (A′) Methyl out of plane bend
338 342 38 (A′′) Methyl in plane bend
412 407 37 (A′′) C-C out of plane bend
460 475 464 21 (A′) C-C out of plane bend
521 521 20 (A′) C-C in plane bend
626 623 36 (A′′) C-C in plane bend
692 710 695 19 (A′) C-H out of plane bend
727 743 728 18 (A′) C-H out of plane bend
793 785 17 (A′) C-C in plane bend
856 843 35 (A′′) C-H out of plane bend
908 895 16 (A′) C-H out of plane bend
979 964 34 (A′′) C-H out of plane bend
991 967 33 (A′′) Methyl bend
994 978 15 (A′) C-H out of plane bend
1005 1003 14 (A′) C-C in plane bend
1033 1044 1030 13 (A′) C-H in plane bend
1043 1056 1040 12 (A′) Methyl bend
1077 1104 1080 32 (A′′) C-H in plane bend
1174 1155 31 (A′′) C-H in plane bend
1195 1175 11 (A′) C-H in plane bend
1230 1210 10 (A′) Methyl–ring stretch
1336 1280 30 (A′′) C-H in plane bend
1357 1312 29 (A′′) C-C stretch
1413 1379 9 (A′) Methyl umbrella
1461 1445 28 (A′′) C-H in plane bend
∗ 1487 1450 8 (A′) Methyl bend
∗ 1497 1463 27 (A′′) Methyl bend
∗ 1521 1494 7 (A′) C-H in plane bend
1630 1586 26 (A′′) C-C stretch
1652 1605 6 (A′) C-C stretch
3041 2921 5 (A′) Methyl symmetric C-H stretch
3107 2952 4 (A′) Methyl C-H stretch
3133 2979 25 (A′′) Methyl C-H stretch
3173 3029 3 (A′) C-H stretch
3175 3039 24 (A′′) C-H stretch
3187 3055 2 (A′) C-H stretch
3196 3063 23 (A′′) C-H stretch
3209 3087 1 (A′) Symmetric ring C-H stretch
Table 4.1: Observed line positions of the vibrations of the toluene-argon complex. Also listed
are calculated frequencies from a quantum chemical calculation at the B3LYP/D95(d,p) level,
frequencies as observed by Hickman et al. [5], number and character of the calculated mode
and atomic motion. Modes that are part of the broad and unresolved feature near 1500 cm−1 are
indicated with an asterisk.
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ν˜obs(cm−1) ν˜calc(cm−1) Previous observations Mode no. (Char.) Motion
6 39 (A′′) Methyl rotation
153 38 (A′′) Methyl out of plane bend
338 26 (A′) Methyl in plane bend
347 37 (A′′) C-C out of plane bend
388 36 (A′′) C-C out of plane bend
493 25 (A′) C-C in plane bend
512 24 (A′) C-C in plane bend
564 577 540b 35 (A′′) C-H out of plane bend
729 745 34 (A′′) C-H out of plane bend
770 23 (A′) C-C in plane bend
801 33 (A′′) C-H out of plane bend
935 32 (A′′) C-H out of plane bend
959 964 22 (A′) Methyl bend
976 980 978a, 932c 21 (A′) C-C in plane bend
994 20 (A′) C-H in plane bend
985 997 986a 31 (A′′) C-H out of plane bend
1008 30 (A′′) C-H out of plane bend
1019 29 (A′′) C-H out of plane bend
1063 1080 1057b 19 (A′) C-H in plane bend
1157 18 (A′) C-H in plane bend
1209 17 (A′) C-H in plane bend
1184 1254 16 (A′) Methyl–ring stretch
1230 1292 15 (A′) C-C in plane bend
1335 1355 14 (A′) Methyl bend
1388 13 (A′) C-H in plane bend
1370 1407 12 (A′) C-C in plane bend
1381 1423 1376b 28 (A′′) Methyl bend
1438 1458 11 (A′) C-H in plane bend
1470 1477 10 (A′) Methyl bend
1503 1527 9 (A′) C-C stretch
1637 8 (A′) C-C stretch
3004 7 (A′) Methyl Symmetric C-H stretch
3046 27 (A′′) Methyl C-H stretch
3177 6 (A′) Methyl C-H stretch
3213 5 (A′) C-H stretch
3216 4 (A′) C-H stretch
3221 3 (A′) C-H stretch
3233 2 (A′) C-H stretch
3236 1 (A′) Symmetric ring C-H stretch
Table 4.2: Observed line positions of the vibrations of the toluene-argon cation. Calculated
frequencies (B3LYP/D95(d,p)) are listed together with observations of Inoue et al. (a) [16],
Eisenhardt et al. (b)[18], and Meek et al. (c) [17]. Also listed are mode number and character,
along with the atomic motion of the mode.
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Chapter 5
Infrared spectroscopy of neutral benzyl
and tropyl1
The gas-phase infrared absorption spectra of neutral benzyl and tropyl, isomers of formula C7H7,
have been measured in the 400–1800 cm−1 spectral region. In addition, a quantum chemical
calculation has been performed to model the infrared spectra. For the benzyl radical, the theory
shows satisfactory overlap with the experiment, although vibrations involving the –CH2 group
might be anharmonic. The tropyl radical, which is subject to the Jahn-Teller effect, seems well
modeled for the out-of-plane vibrational modes, but less so for the in-plane vibrational modes.
The infrared spectrum of the fully deuterated tropyl radical (tropyl-d7) has also been recorded to
aid in the interpretation of the vibrational structure of both tropyl species.
1Adapted from: Rob G. Satink, Gerard Meijer, and Gert von Helden. J. Am. Chem. Soc. 125, 15714 (2003).
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5.1. INTRODUCTION
5.1 Introduction
Small monocyclic alkyl substituted molecules present prototypical systems to study ring expan-
sion isomerization reactions. Fundamental insight into the structure of the reactants and products
as well as into the reaction paths connecting the isomers can be obtained when these species are
studied in the gas phase, in which the molecules are isolated from external influences. An in-
tensely studied example is the isomerization reaction from toluene to 1,3,5–cycloheptatriene in
the cationic state [1–3]. Losing one hydrogen atom from the latter ion can yield the tropyl cation,
often dubbed ”tropylium”. It has been proposed that isomerization between cationic tropyl and
benzyl [4] as well as isomerization between the neutral radicals of these species [5] follow simi-
lar pathways. Tropylium is an exotic member of the family of aromatic molecules, as it exhibits
its aromaticity as a cation. The molecule has an unusual seven-fold rotation axis and belongs
to the point group D7h. Neutral and cationic tropyl have been the focus of several studies, both
theoretical [4, 6] and experimental [5, 7–11]. Another stable C7H7+ isomer is the benzyl cation,
which consists of a benzene ring with a CH2 group attached. The benzyl radical has also re-
ceived significant attention [4, 5, 12–16]. There has been much debate about which of the two
C7H7 cations is lower in energy as well as about the height of the barrier for isomerization. It is
generally agreed upon by now that the tropyl cation is the more stable isomer by about 0.24 eV
[17]. The isomerization barrier for the reaction from the tropyl cation to the benzyl cation has
recently been calculated to be about 3 eV [4]. In the neutral species, the benzyl radical is more
stable then the tropyl radical by 0.73 eV. This value can be calculated by taking into account the
difference in ionization energies of the two species and the before-mentioned difference in heat
of formation [9, 14, 17]; see also Figure 5.1 for a schematic presentation of the energetics. The
barrier for isomerization in the neutral ground state is unknown at this point.
While the tropyl cation is aromatic, the neutral tropyl radical has an unpaired electron in a de-
generate orbital, giving rise to a vibronic interaction, the Jahn-Teller (JT) effect [18, 19]. This
coupling between electronic and vibrational coordinates (See section 1.4.2) causes the molecule
to distort from the symmetrical configuration. In the case of the JT-distorted benzene cation, the
zero point energy is above the conical intersection, leading to an effective D6h structure [20]. In
fact, ESR data suggest that the effective structure of tropyl is the symmetrical D7h structure [21].
Fundamental insight into the structure of such species can be obtained by recording their vibra-
tional properties, using for example infrared (IR) spectroscopy [22, 23]. Here, we report on the
first gas phase IR absorption spectrum of both the benzyl and the tropyl radical in the 400-1800
cm−1 spectral region.
5.2 Experimental
The IR spectra of the C7H7 isomers are measured by using an IR-UV double resonance scheme
that has been described previously [24, 25]. To generate the benzyl radical, benzyl chloride
(Fluka, 99 %) is used as a precursor. The benzyl chloride is allowed to evaporate, mixed with
argon at 3 bar, and injected into the vacuum chamber using a pulsed valve. By using the discharge
source (section 1.1.3), molecules can be energized, fragmented, isomerized and possibly ionized
[26, 27]. Specifically, after breaking the C-Cl bond of benzyl chloride, the benzyl radical is
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Figure 5.1: An overview of the energetics of the various electronic states of benzyl and tropyl.
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Figure 5.2: The excitation scheme that is used to perform ion-dip spectroscopy on the benzyl and
tropyl radical.
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Figure 5.3: Infrared absorption spectrum of the benzyl radical (C6H5CH2) (upper trace). In the
lower trace a stick spectrum obtained from quantum chemical calculations is shown.
formed [28]. The radicals are cooled in the expansion, and a molecular beam is produced. Further
downstream, the beam is skimmed upon entering the chamber where it interacts with the infrared
beam of the free electron laser “FELIX” [29] as well as with the output of a UV laser. When
FELIX is resonant with an IR active vibration of the radical, the ground state population is
depleted. After the infrared pulse, the UV laser pulse probes the amount of benzyl radicals that
remains in the ground state. The frequency of the UV laser is set to be resonant with the D3 ←D0
(D0 is the doublet ground state of the radical) transition of benzyl at 32760 cm−1 [5]. A second
photon of the same frequency ionizes the radical, allowing for Time-of-Flight mass spectrometric
detection. By monitoring the ion current at 91 amu as a function of FELIX wavelength, the IR
spectrum of the radical can be recorded. For the tropyl radical the same procedure is used.
Cycloheptatriene is now used as a precursor; abstraction of a hydrogen atom in the discharge can
lead to the formation of the tropyl radical [5]. The excitation frequency that is used in the 1+1
ionization scheme corresponds to the D1(21)← D0(00) transition at 26573 cm−1 [5]. In order to
produce the tropyl-d7 radical, benzene-d6 was used, from which, by an unknown path, tropyl-
d7 can be formed in the discharge. The frequency of the UV was set to be resonant with the
D1(21)← D0(00) transition which is at 26553 cm−1. Mass spectrometric detection of the species
was performed at 98 amu.
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5.3 Results and Discussion
5.3.1 Benzyl
The experimental infrared spectrum of the benzyl radical in the D0 state is shown in Figure 5.3
as the upper trace. The lower trace shows a stick spectrum obtained from an DFT calculation at
the B3LYP/D95(d,p) level [30]. Not shown in the figure are two calculated modes at 202 cm−1
and 356 cm−1, which are predicted to have low IR intensity, and which are outside the mea-
sured frequency range. The experimental spectrum contains at least 13 identifiable resonances
and their positions, together with the calculated frequencies and intensities, are given in Table
5.2. The main features seen in the experimental spectrum are well reproduced by the quantum
chemical calculation. A direct assignment is possible for the four lowest frequency features of
the spectrum. The resonance at 464 cm−1 can be assigned to a mode calculated at 481 cm−1. The
feature observed at 666 cm−1 can be assigned to the mode calculated at 685 cm−1. A somewhat
larger difference between observed and calculated frequency is observed for the resonance at 762
cm−1, which is assigned to the mode calculated at 799 cm−1. The fourth assignable resonance
in this region is the mode observed at 880 cm−1, which is assigned to a mode calculated at 903
cm−1. The next resonance, observed at 964 cm−1 can not be clearly assigned to either of the
two calculated modes with IR intensity in that region, at 972 cm−1 or 985 cm−1. FTIR spectra
obtained via matrix isolation spectroscopy by Baskir et al. [16] show another resonance in this
region, at 948 cm−1. Since they observe no other mode in this spectral region, it is not clear
whether this mode is in fact the same mode as observed in the current experiments, but shifted
by matrix effects or that this is another vibrational mode, different from the one observed here.
Our observation of this resonance at this position in the gas phase is confirmed by the fluores-
cence measurements of Selco et al. [15]. The resonance observed at 1013 cm−1 is assigned to the
mode calculated at 1030 cm−1. However, the resonance observed at 1040 cm−1 does not seem to
have a counterpart in the calculations. At 1097 cm−1, another strong resonance of this spectral
region is observed. This feature can be assigned to the mode calculated at 1110 cm−1. In the high
frequency region of the spectrum, the first feature that is encountered consists of two resonances
which can not be fully resolved, however, peak positions can be obtained, at 1444 cm−1 and 1465
cm−1. Several modes are calculated in this region, and it would seem that the two most intense
infrared active modes are responsible for this feature, however, the possibility of the third mode
also contributing to the feature can not be excluded. Most likely, the resonance at 1444 cm−1
can be assigned to the calculated mode at 1468 cm−1, and the resonance at 1465 cm−1 can be
assigned to the mode calculated at 1510 cm−1. No fundamental modes are calculated between
1600 and 3000 cm−1. The transitions observed beyond 1600 cm−1 thus most likely originate
from combination bands, and such bands possibly occur in other parts of the spectrum as well.
When looking at the accuracy with which the calculation reproduces the observed infrared spec-
trum it is noted that the actual frequency shift from the observed modes to the calculated modes
is on the order of +3%. There is one exception and that is the resonance observed at 762 cm−1,
which is assigned to the mode at 799 cm−1 (+5%). Visual inspection of the spatial motion of
the calculated mode shows a large amount of out-of-plane motion of the H-atoms of the -CH2
group. It might well be that the potential along this coordinate is more anharmonic, which would
explain why theory fails to accurately predict position and intensity of this mode. In order to
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Figure 5.4: Shown are 21 data points representing energies calculated along the displacement
vector of the 799 cm−1 mode of benzyl. Fitted through the curve is a sixth order polynomial.
Above the curve a graphic showing the 799 cm−1 normal mode is shown.
assess the anharmonicity of this vibrational mode, the PES was mapped along this normal coor-
dinate, see Figure 5.4. Through these data points a sixth order polynomial is fitted; the calculated
transition frequency of this polynomial is 809 cm−1. This is slightly higher than the value cal-
culated from the harmonic approximation by GAUSSIAN. The mode calculated at 1510 cm−1 is
another mode that is dominated by large amplitude motion in the -CH2 group and corresponds
to a local -CH2 ”scissors”-mode. In order to see whether the close approach of the hydrogens
due the large amplitude scissors motion in the -CH2 group causes any anharmonic effects, the
PES is also scanned along this normal coordinate. It is observed that the PES is somewhat an-
harmonic along this vibrational coordinate as well. The calculated vibrational frequency for this
vibrational mode is 1510 cm−1. It is thus concluded that although at large displacements, these
normal modes are anharmonic, this does not seem to affect the vibrational frequency of these
normal modes.
As mentioned earlier, the infrared absorption spectrum of the benzyl radical has also been mea-
sured by using matrix isolation spectroscopy (MIS) in an argon matrix at 12 K [16]. Most of
the observed MIS bands correspond to bands observed in the current experiment to within a few
cm−1. Compared to the MIS data we observe additional weak bands in the region around 1000
cm−1 and beyond 1500 cm−1 as shown in Table 5.2. Apart from infrared absorption spectra, in-
formation on the vibrational structure can also be obtained by monitoring the fluorescence from
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Figure 5.5: Infrared spectrum of the tropyl radical (C7H7). A stick spectrum obtained from a
DFT (B3LYP/D95(d,p)) calculation is shown as the lower trace.
an electronically excited state. In a study by Selco et al., the vibrational structure of benzyl was
also studied and the observed positions are also included in Table 5.2.
5.3.2 Tropyl
The infrared spectrum of the other C7H7 isomer, tropyl, is shown in Figure 5.5 as the upper
trace. The infrared spectrum shows at least 14 distinct resonances, with dominant features at
low frequencies. The JT effect will cause the tropyl radical to distort on the PES from D7h to
the largest Abelian subgroup of D7h, C2v. The inclusion of zero point energy, however, might
cause the molecule to effectively remain of D7h symmetry by being able to tunnel between C2v
structures on a short time scale. In the DFT calculation at the B3LYP/D95(d,p) level (see the
lower trace of Figure 2), only the static distorted C2v structure is considered. A much better
approach would be to correctly treat the JT effect in D7h symmetry, similar to approaches used
for the benzene cation [31, 32]. However, when comparing the calculated infrared spectrum with
the observed infrared absorption spectrum it is noted that the dominant features of the infrared
spectrum are well reproduced by the calculation. A small feature is observed at 418 cm−1 which
is assigned to a mode calculated at 415 cm−1. Then the most intense features of the spectrum
are encountered, at 515 cm−1 and 626 cm−1. The two strong low frequency resonances that are
calculated at 516 and 649 cm−1 are exclusively C-H out-of-plane bending modes, to which these
resonances can be assigned. It is noted, however, that there is an additional resonance next to the
mode at 626 cm−1, at 611 cm−1, for which the assignment is unclear at this point. Additionally,
features are observed at 718 cm−1 and 769 cm−1 which have no counterpart in the calculated
spectrum. Features are expected to appear in the region between 850 cm−1 and 1000 cm−1 and
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Figure 5.6: Infrared spectrum of the tropyl-d7 radical (C7D7), middle trace. The upper trace is
the infrared spectrum of the radical as well, but with the intensity multiplied by a factor of seven.
A remarkable number of resonances is observed in the infrared spectrum of this species. A stick
spectrum obtained from a DFT (B3LYP/D95(d,p)) calculation is shown as the lower trace.
are indeed observed at 880 cm−1, 892 cm−1, 943 cm−1 and 969 cm−1. From visualisation of
the spatial motion of a vibration, it can be observed that the IR active mode calculated at 889
cm−1 and all higher frequency IR active modes involve exclusively in-plane motion. While the
JT-effect mainly has an impact on in-plane modes, the perturbation on the out-of-plane modes is
expected to be small and thus these low frequency modes should be well modeled by the quantum
chemical calculation. Indeed, in good agreement with the calculation, two modes are observed
at 515 cm−1 and 626 cm−1. However, since the extent of the JT effect on the in plane modes
can not be directly quantified, an assignment of modes in this region would be questionable.
The four remaining features of the spectrum, at 1189 cm−1, 1444 cm−1, 1561 cm−1 and 1691
cm−1 are also observed in regions where the calculation predicts vibrational modes, however,
as these are also in plane vibrational modes, it is unclear which modes should be assigned to
these resonances. In Table 5.3 the observed frequencies are listed together with the frequencies
as obtained from the DFT calculations.
5.3.3 Tropyl-d7
In an effort to obtain additional data that might lead to a better understanding of the vibrational
structure of the tropyl radical, the infrared spectrum of the neutral tropyl-d7 radical has also been
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recorded. In Figure 5.6 the infrared absorption spectrum of the neutral tropyl-d7 radical is shown
as the upper trace. A surprising abundance of features is observed in this spectrum, a total of
more than 30 recognizable, fully reproducible resonances. The lower trace of Figure 5.6 is a
stick infrared spectrum as obtained from a density functional calculation on a C2v structure of
the tropyl-d7 radical. Dominant features of the infrared spectrum are found at low frequencies, at
423 cm−1 and 483 cm−1. These resonances are assigned to the modes calculated at 421 cm−1 and
493 cm−1, both of which are C-H out-of-plane bending vibrational modes. Two low frequency
features are observed near to these resonances, at 515 cm−1 and 575 cm−1, which do not seem to
be predicted by the ab initio calculations and might correspond to modes that are similar to the
anomalous low frequency vibrations observed in the infrared spectrum of tropyl-h7. It is noted
that the seperation between these two resonances is 60 cm−1, which is identical to the seperation
between the two main resonances at 423 cm−1 and 483 cm−1. It might therefore be that these
two resonances are resulting from combination modes consisting of the two main resonances
combined with a low frequency mode that lies in the vicinity of 92 cm−1. Upon closer inspection
of the tropyl–h7 infrared spectrum a pair of resonances is found at 611 cm−1 and 718 cm−1. This
pair has a similar spacing as the main pair of resonances found at 515 cm−1 and 626 cm−1. The
difference between the main resonance at 515 cm−1 and the minor resonance at 611 cm−1 is 96
cm−1, and the difference between the other two resonances is 92 cm−1. This suggests that also
for this molecule there are resonances which are due to combination modes consisting of the
main resonances of the spectrum and an additional low frequency mode around 94 cm−1.
It is clear that not all features observed in the infrared spectrum of the tropyl-d7 radical arise
from fundamental modes. With increasing frequency, the density of possible combination modes
increases. Additionally, several in-plane vibrational modes might be affected by the JT effect,
further complicating the analysis of the vibrational structure of the tropyl-d7 radical. In all re-
gions where vibrational modes are predicted by the DFT calculation, features are found in the
infrared spectrum. An assignment, however, remains unclear.
5.3.4 Jahn-Teller effect in tropyl
It can be noted that significantly more modes are observed experimentally than predicted by
theory. It is therefore of interest to examine the influence of the JT effect on the spectrum. The
symmetries of the JT active vibrational modes in the X2E′′2 (D0) electronic ground state are e′3
(linearly JT active) and e′2, e′′2 (quadratically JT active). Modes of these symmetries will split and
shift, sometimes up to several hundreds of wavenumbers, away from the unperturbed positions
[31]. The characters in the D7h point group that correspond to IR active transitions are A′′2 and
E′1. Since split modes of e′3 and e′2 symmetry have a component that corresponds to a dipole
allowed transition in the X2E′′2 electronic state (See Tables 5.5 and 5.6 for a character table and
a multiplication table for the D7h point group), they are expected to appear in the IR absorption
spectrum. From similar vibrational frequency calculations, as carried out by Pino et al. [5] at
the B3LYP/6-31G** level, the mode numbering and the D7h symmetry labels of the vibrational
levels of a C2v distorted structure in the neutral ground state are known. The modes that are of
e′3 symmetry in the DFT calculation are split modes at 889 cm−1 and 896 cm−1, 1281 cm−1 and
1302 cm−1, 39 cm−1 and 1599 cm−1, and 3150 cm−1 and 3150 cm−1.
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More information on the Jahn-Teller effect in tropyl has been obtained by Tarczay and Miller
[33], who calculated the JT-constants of the various vibrational modes of the tropyl radical by
means of an equation-of-motion coupled cluster calculation (JT constants were obtained by us-
ing EOMEA-CCSD/DZP, geometries and vibrational frequencies by using HF/6-31G* for the
cationic ground state). The method being used to calculate the actual JT constant is that the
displacement vector of the new distorted geometry with respect to the symmetrical geometry is
being projected onto the basis of normal coordinates [34]. The unperturbed vibrational frequen-
cies of the tropyl radical, as well as the linear JT constants calculated by the before-mentioned
method are listed in Table 5.1.
Mode number ω (cm−1) D
ω18 941 0.08
ω17 1377 0.23
ω16 1611 0.49
ω15 3356 0.008
Table 5.1: The vibrational frequencies and linear Jahn-Teller constants (D) of the four e3′ vibra-
tional modes (Mode numbering according to Lee and Wright [6]) of tropyl as calculated with an
EOMEA-CCSD/DZP calculation [33].
In the infrared spectra of both tropyl–h7 as well as tropyl–d7, there are anomolous features which
remain unexplained by the DFT calculations. Indicated have been the pair of resonances at 611
cm−1 and 718−1 which are thought to correspond to combination modes of the main resonances
of the spectrum and a low frequency mode at about 94 cm−1 of tropyl–h7. Furthermore, an
additional resonance is observed at 769 cm−1 which is unexplained by the calculations. A pair
of combination modes thought to consist of the main features of the spectrum combined with
a low frequency mode at 92 cm−1 are the anomolous low-frequency features in the spectrum
of tropyl–d7. The low frequency mode expected around 94 cm−1 in the case of tropyl–h7 and
around 92 cm−1 for tropyl–d7 is not expected from the DFT calculations, in which the lowest
non-JT distorted low frequency modes are 161 cm−1 and 140 cm−1 for tropyl–h7 and tropyl–d7
respectively. For the JT distorted modes it is expected that each will have a component moving
to lower frequencies from the unperturbed position, and one to higher frequencies. The positions
of the various energy levels after distortion of the tropyl molecule can be calculated by using a
formula derived by Child[35], which is a result from perturbation theory:
E(v, l) = ω(v + 1)∓ 2Dω(l ± 1) (5.1)
where v is the vibrational quantum number, and l is the vibrational angular momentum quantum
number. The transition to the lowest component of the ω16 mode is thus predicted at 32 cm−1 with
this formula. Although it does not directly correspond to the low frequency resonance expected
to appear at 93 cm−1, it is clear that the ω16 mode will have a low-frequency component and
since Equation 5.1 only holds for small values of D (<0.05), it is clear that the actual position of
this level will be somewhat different. In a similar way, the expected lowest frequency component
of the ω18 mode can be calculated. From the constants calculated by Miller et al. it is estimated
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to appear at 790 cm−1. The lowest frequency component of the ω17 can also be calculated, and
its value is 744 cm−1. These two components in the vicinity of the observed resonance at 769
cm−1 are both a candidate for the assignment of this resonance.
It is therefore clear that in order to unravel the spectrum, a detailed analysis that correctly takes
into account the JT effect has to be done. The efforts by Tarczay and Miller in principle take
this effect into account, however, it is at this moment not yet possible to accurately predict the
positions of the resonances in the observed infrared spectrum with this data. The here presented
experimental spectrum can thus serve as a benchmark to gain deeper insight into the JT effect in
this interesting species.
5.4 Conclusion
The infrared gas phase spectra of two isomers of formula C7H7, benzyl and tropyl, have been
measured in the 400–1800 cm−1 spectral range. The observed infrared spectra show that in-
deed the spectra of two structurally different neutral radicals have been measured. The infrared
spectrum of both radicals have been modeled by using DFT calculations. The infrared spectrum
of the benzyl radical is well modeled by the DFT calculation, as most spectral features can be
assigned directly. Satisfactory agreement is also observed with previous studies on the benzyl
radical. Two normal modes which mainly involve the motions of hydrogens on the -CH2 group
of benzyl have been modeled more extensively. Even though the form of the PES along these
normal modes is anharmonic at large displacements, the transition frequencies of these normal
modes is similar to the values calculated in the harmonic oscillator approximation.
The infrared spectra of the tropyl-h7 and tropyl-d7 radicals are also modeled with a DFT cal-
culation. Although dominant features are well reproduced, there are some anomalies which
are not predicted by the calculation. Due to its high symmetry, the tropyl radical is affected
by the JT effect in the doubly degenerate neutral ground state. Since the JT effect in tropyl is
induced through the in-plane vibrational modes of e3′ symmetry, it is not expected that out-of-
plane vibrational modes will be considerably shifted from their calculated positions, which is
confirmed when comparing the observed infrared spectrum with the calculated infrared spec-
trum. Although initial modeling suggest that some modes in the spectrum might be assigned to
components of Jahn-Teller distorted modes, further theoretical modeling is needed to be able to
assign the anomalous features in these spectra.
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5.5. APPENDIX
5.5 Appendix
ν˜obs (cm−1) ν˜calc(cm−1); Γ (C2v) Calc. int. (km/mole) Baskir et al. (cm−1) Selco et al. (cm−1) Motion
202 (b1) 1.5 -CH2 out of plane bend
356 (b2) 0.2 356 -CH2 in plane bend
390 (a2) 0.0 CH out of plane bend
464 481 (b1) 16.2 465 CH out of plane bend
508 (a2) 0.0 -CH2 twist
526 (a1) 0.3 524 CC in plane bend
618 (b2) 0.0 615 CC in plane bend
666 685 (b1) 54.4 667 CH out of plane bend
710
738 (b1) 0.0 CH out of plane bend
762 799 (b1) 89.2 762 CH out of plane bend
826 (a1) 0.6 818 CH in plane bend
833 (a2) 0.0 CH out of plane bend
860
880 903 (b1) 13.9 882 CH out of plane bend
948
964 963
972 (b2) 1.2 -CH2 in plane bend
975 (a2) 0.0 CH out of plane bend
985 (a1) 0.5 CC in plane bend
986 (b1) 0.1 CH out of plane bend
987
1013 1030 (a1) 3.7 1015 CH in plane bend
1040
1046
1097 1110 (b2) 5.5 CH in plane bend
1168 (b2) 0.1 1152 CH in plane bend
1179 (a1) 0.2 CH in plane bend
1285 (a1) 2.2 1264 1258 CC ring-CH2 stretch
1305
1337 (b2) 0.3 CH in plane bend
1355 (b2) 0.1 CC stretch
1409
1431
1444 1468 (b2) 5.4 1446 CH in plane bend
1489 (a1) 2.4 CH in plane bend
1465 1510 (a1) 9.9 1469 -CH2 scissors
1549
1561
1580 (b2) 1.4 CC stretch
1599 (a1) 0.9 CC stretch
1603
1693
1768
3069
3111
3165 (a1) 3.9 CH stretch
3178 (a1) 6.4 CH stretch
3181 (b2) 0.2 CH stretch
3193 (a1) 4.8 CH stretch
3199 (b2) 34.1 CH stretch
3212 (a1) 12.6 CH stretch
3269 (b2) 7.7 CH stretch
Table 5.2: Observed and calculated vibrational frequencies of the benzyl radical. Also listed are
the observations by Baskir et al. [16] and Selco et al. [15].
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ν˜obs (cm−1) ν˜calc(cm−1); Mode no. Calc. int. (km/mole) ν˜obs (cm−1) ν˜calc(cm−1); Mode no. Calc. int. (km/mole)
39 (ω32) 19.7 991 (ω17) 0.0
161 (ω19) 0.0 1006 (ω18) 0.0
287 (ω14) 0.0 1181 (ω28) 1.7
418 415 (ω1) 0.3 1189
440 (ω25) 0.3 1233 (ω5) 2.1
515 516 (ω20) 45.8 1281 (ω6) 1.1
563 (ω15) 0.0 1302 (ω29) 0.1
611 1400 (ω30) 0.0
626 649 (ω21) 92.7 1444
718 1462 (ω7) 8.3
762 (ω22) 1.0 1465 (ω31) 3.2
769 (ω16) 0.0 1543 (ω33) 7.7
769 1561
841 (ω2) 0.2 1599 (ω8) 16.1
850 (ω23) 0.0 1644 (ω9) 0.9
880 1691
889 (ω26) 1.5 3150 (ω10) 8.2
892 3150 (ω34) 5.4
896 (ω3) 0.8 3156 (ω35) 3.0
943 3173 (ω11) 19.3
960 (ω4) 3.3 3187 (ω36) 47.6
963 (ω27) 7.1 3189 (ω12) 30.6
969 3199 (ω13) 4.0
984 (ω24) 0.9
Table 5.3: Observed and calculated vibrational frequencies of the tropyl radical. The mode
numbering is according to Pino et al. [5]
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ν˜obs (cm−1) ν˜calc(cm−1); Mode no. Calc. int. (km/mole) ν˜obs (cm−1) ν˜calc(cm−1); Mode no. Calc. int. (km/mole)
50(ω32) 19.2 958(ω29) 0.0
140(ω19) 0.0 994
255(ω14) 0.0 1003
400(ω1) 0.3 1019
423 421(ω21) 51.8 1050
424(ω25) 0.3 1075
477(ω15) 0.0 1080(ω30) 0.0
483 493(ω20) 24.2 1096
515 1115
575 1143
600(ω22) 0.4 1174
607(ω16) 0.0 1203
617 1235
693(ω23) 0.0 1245(ω7) 1.3
695 1249(ω31) 0.1
718 1311
731 1353
791 1419
793(ω4) 3.2 1452(ω33) 7.0
794(ω27) 4.8 1462
801(ω17) 0.0 1509
803 1554
804(ω2) 1.0 1557(ω8) 17.3
805(ω24) 0.8 1574
810(ω18) 0.0 1611
827(ω3) 0.0 1612(ω9) 2.6
834 2316(ω10) 1.1
838(ω26) 4.0 2321(ω34) 2.4
867 2326(ω35) 3.0
883(ω28) 0.1 2344(ω11) 5.2
884 2353(ω36) 28.8
900(ω5) 0.3 2354(ω12) 25.1
902 2364(ω13) 0.8
949(ω6) 1.2
Table 5.4: Observed and calculated vibrational frequencies of the tropyl-d7 radical. Mode num-
bers have been assigned by comparison to normal modes of the tropyl-h7 radical.
E 2 C7 2(C7)2 2(C7)3 7 C2 σh 2 S7 2 (S7)3 2 (S7)5 7 σv
A′1 1 1 1 1 1 1 1 1 1 1
A′2 1 1 1 1 -1 1 1 1 1 -1
E′1 2 2cos(2π/7) 2cos(4π/7) 2cos(6π/7) 0 2 2cos(2π/7) 2cos(6π/7) 2cos(4π/7) 0 Tx, Ty
E′2 2 2cos(4π/7) 2cos(6π/7) 2cos(2π/7) 0 2 2cos(4π/7) 2cos(2π/7) 2cos(6π/7) 0
E′3 2 2cos(6π/7) 2cos(2π/7) 2cos(4π/7) 0 2 2cos(6π/7) 2cos(4π/7) 2cos(2π/7) 0
A′′1 1 1 1 1 1 -1 -1 -1 -1 -1
A′′2 1 1 1 1 -1 -1 -1 -1 -1 1 Tz
E′′1 2 2cos(2π/7) 2cos(4π/7) 2cos(6π/7) 0 -2 -2cos(2π/7) -2cos(6π/7) -2cos(4π/7) 0
E′′2 2 2cos(4π/7) 2cos(6π/7) 2cos(2π/7) 0 -2 -2cos(4π/7) -2cos(2π/7) -2cos(6π/7) 0
E′′3 2 2cos(6π/7) 2cos(2π/7) 2cos(4π/7) 0 -2 -2cos(6π/7) -2cos(4π/7) -2cos(2π/7) 0
Table 5.5: The character table of the point group D7h, as obtained by Li et al. [36].
94
A′1 A′2 E′1 E′2 E′3 A′′1 A′′2 E′′1 E′′2 E′′3 D7h
A′1 A′2 E′1 E′2 E′3 A′′1 A′′2 E′′1 E′′2 E′′3 A′1
A′1 E′1 E′2 E′3 A′′1 A′′2 E′′1 E′′2 E′′3 A′2
A′1, A′2, E′2 E′1, E′3 E′2, E′3 E′′1 E′′1 A′′1 , A′′2 , E′′2 E′′1 , E′′3 E′′2 , E′′3 E′1
A′1, A′2, E′3 E′1, E′2 E′′2 E′′2 E′′1 , E′′3 A′′1 , A′′2 , E′′3 E′′1 , E′′2 E′2
A′1, A′2, E′1 E′′3 E′′3 E′′2 , E′′3 E′′1 , E′′2 A′′1 , A′′2 , E′′1 E′3
A′1 A′′2 E′1 E′2 E′3 A′′1
A′1 E′1 E′2 E′3 A′′2
A′1, A′2, E′2 E′1, E′3 E′2, E′3 E′′1
A′1, A′2, E′3 E′1, E′2 E′′2
A′1, A′2, E′1 E′′3
Table 5.6: Multiplication table for the point group D7h.
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Summary
The characteristic properties of a molecule range many: mass, volume, and polarizability are just
a few of the proporties which we can quantify for a molecule. In this thesis, another property of
a molecule is investigated, the absorbance of light. When this absorbance is known for a specific
wavelength range, often the term absorption spectrum is used. An absorption spectrum carries
information on the internal structure of the molecule, since the observed features in the spectrum
are due to the way the atoms in the molecules are distributed over space, and also depend on the
manner in which they are bound together. By using a theoretical model for the molecule, the
patterns seen in an absorption spectrum can be understood to have arisen from transitions from
one state of the molecule to another state through the absorption of light. Often, the spectrum can
be calculated theoretically from first principles, such that a comparison between the measured
spectrum and a theoretical spectrum becomes possible. A comparison of this expected absorption
spectrum to the actual absorption spectrum, can reveal information about effects not taken into
account in the modelling of the molecule.
By observing the vibrations of a molecule, though indirectly, much information can thus be
gathered about the molecule. When one wishes to observe the absorption spectrum due to the
vibrational motions in a molecule, the wavelength that is needed to excite the molecules often lies
in the infrared. For this purpose the free electron laser FELIX (Free Electron Laser for Infrared
eXperiments) is employed in the experiments described in this thesis. By irradiating gas phase
molecules with infrared light from FELIX and measuring the amount of molecules that absorb
light, a measure for the absorbance of the molecules, and thus an infrared absorption spectrum
can be obtained.
In this thesis molecules are studied which belong to a specific class, the conjugated hydrocarbons.
The molecules in this class contain molecular orbitals which are formed by a linear combination
of individual p-orbitals of the carbon atoms. Prototypical molecules such as benzene, aniline,
toluene, benzyl and tropyl have been studied to learn more about their structure, the change in
structure upon ionization and energy transfer inside the molecule. Since some of the molecules
are highly symmetrical, interesting effects due to degeneracies could be observed in some cases.
In Chapter 2, the infrared spectrum of the benzene-argon cation is presented, along with an anal-
ysis of some of the observed resonances. The benzene-argon cation is a highly symmetrical
weakly bound complex with a sixfold rotational axis. The degeneracy of the cationic ground
state causes the potential energy to be linearly dependent on several of the vibrational coor-
dinates, which leads to a distortion of the molecule from the sixfold symmetry to a two-fold
symmetry. Consequently, the degeneracy of the ground state is lifted, however, since the two
non-degenerate states are separated only marginally, the Born-Oppenheimer approximation will
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not be valid anymore. As a consequence, specifically those vibrational modes that facilitate the
distortion couple with their counterparts in the other electronic state. Depending on the strength
of the coupling, the vibrational states are shifted away from their initial positions. The infrared
spectrum of the benzene-argon cation shows four resonances at low frequencies, where only one
resonance is expected from Density Functional Theory (DFT). Close to this single resonance, a
pair of combination modes that has been shifted by the coupling is present. The transition dipole
moment is usually insufficient for such modes to be visible in the spectrum. However, since the
potential energy surface is anharmonic along the coordinates of the combination modes and the
fact that these three states all have the same symmetry, these states will couple. The character
of the three states will be mixed by this coupling, and by this mixing all three components will
have enough transition dipole moment to be visible in the spectrum. This same coupling can
also be observed in the spectrum of the fully deuterated benzene-argon cation. However, in this
species, the three states are more separated, in which case the mixing is smaller. At low frequen-
cies, only one strong resonance is observed along with a few weak resonances. By using this
strong resonance a new upper limit is established for the dissociation limit of the fully deuterated
benzene-argon complex.
In Chapter 3 the dissociation of vibrationally excited weakly bound complexes is further ex-
plored. The time evolution of both vibrationally excited aniline-argon and -neon is measured via
a pump-probe scheme. FELIX is used to excite the complexes to the vibrationally excited state
and at a variable delay the amount of complexes remaining in the vibrationally excited state is
probed with a UV light pulse. The amount of complexes in the vibrationally excited state de-
creases exponentially with time. For the various aniline noble gas complexes widely distributed
decay times are found. This decay time is not necessarily equal to the timescale at which dis-
sociation occurs, since only the decay time of complexes in the vibrationally excited state is
observed. The decay times of the vibrationally excited states show that the vibrational structure
underneath the level of excitation influences the rate of vibrational redistribution from the vibra-
tionally excited level. The vibrational energy is first redistributed, after which the complex can
dissociate.
In Chapter 4 the infrared spectra of neutral and cationic toluene-argon are presented. In the
experiments on cationic toluene-argon, the knowledge that complexes that are vibrationally ex-
cited above the dissociation limit dissociate on the order of several hundreds of nanoseconds,
is exploited. The infrared spectra of both neutral as well as cationic toluene-argon are modeled
with calculations on the bare toluene molecule. When comparing the observed spectrum of the
neutral molecule with the calculated spectrum, a remarkable agreement is observed. For the
cationic toluene-argon complex the correspondence between experiment and theory is almost as
good, however, some resonances do not seem well reproduced by theory. For these resonances
a 1-dimensional scan of the potential energy surface is performed. With a 1-D cut through the
surface, more accurate values for the vibrational frequencies should be obtainable. It is observed
that the potential energy surface along some vibrational modes is anharmonic. However, at small
displacements, the deviations are not very large and the obtained vibrational frequencies are sim-
ilar to those obtained by standard calculations. By observing the power dependence of a low
frequency resonance of the cationic toluene-argon complex, an upper limit for the dissociation
limit of the toluene-argon complex was also obtained.
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In Chapter 5, the infrared spectra of two isomers, benzyl and tropyl, are presented. Neutral
benzyl and tropyl are radicals, that are generated in a discharge source. The tropyl radical is
highly symmetrical, it possesses a seven-fold rotational axis. The electronic ground state of the
tropyl radical is degenerate, and a similar situation as observed in the benzene cation occurs. In
the infrared spectrum of the tropyl radical a few resonances are observed that are not predicted
by theory. It is noted also that the calculations predict the positions of vibrational motions that
are out of the plane of the molecule better than those that are in-plane. The infrared spectrum of
the benzyl radical can be well understood with theory, although for some vibrations deviations
are found between the frequencies predicted by theory and those observed in the experiment. In
an attempt to obtain more accurate theoretical values, the potential energy surface along these
vibrational modes is mapped. However, these surfaces do not yield values for the vibrational
frequencies that are an improvement over the standard calculations.
Most of the infrared spectra presented in this thesis are hard to obtain via other experimental
techniques. The combination of a molecular beam apparatus, equipped with a mass spectrom-
eter, and a continuously tunable infrared laser presents the possibility to study model systems
which can only be prepared in a molecular beam. As the material presented in this thesis shows,
some of these species exhibit interesting behavior that warrants further investigation. A complex
consisting of a molecule and a noble gas atom is especially interesting. Both the dissociation
threshold of several complexes and the vibrational lifetime of vibrationally excited complexes
have been established. The upper limits that have been established for the dissociation thresh-
old were lower than the thresholds predicted by theoretical calculations. Over the recent years,
however, one can observe that the application of more sophisticated theoretical models yields
values for the dissociation threshold which are in agreement with the upper limits reported in
this thesis. However, modeling of the lifetime and subsequent dissociation of vibrationally ex-
cited weakly bound complexes, although possible, requires more detailed knowledge of the PES
and is therefore more costly and up to now only attempted for smaller systems. The here pre-
sented experiments can be used as a benchmark for future theoretical studies of dissociation
of weakly bound complexes. The spectroscopy performed on the highly symmetrical benzene
cation and the tropyl radical can be used as a benchmark for further study of the Jahn-Teller
effect. Promising theoretical methods are currently under development to be able to accurately
model the vibrational structure of such species.
In this thesis a first step is taken in the study of dissociation of weakly bound complexes. The
experiment described in this thesis can be expanded to a full survey of the vibrational lifetimes
for more vibrationally excited states of such complexes. The measurement of infrared spectra
of the various species is, however, the main part of the here presented work and a continuation
of the current studies can follow many directions among which studies on the Jahn-Teller effect
and studies on radical and charged species. Many other systems ((metal) clusters, biological
species) can also be studied with the techniques described in this thesis, and by using vibrational
spectroscopy possibly the bond structure and conformation of such species can be revealed.
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Samenvatting
Door het onderzoeken van de karakteristieke eigenschappen van een molecuul kan begrepen
worden hoe het molecuul precies in elkaar steekt en kunnen tevens gegevens verzameld worden
die gebruikt kunnen worden om te voorspellen hoe een molecuul zich zal gedragen onder be-
paalde omstandigheden. Onder deze karakteristieke eigenschappen van een molecuul valt ook
de mate waarin het licht absorbeert, het absorptie-spectrum. Een absorptie-spectrum vertelt veel
over de interne structuur van een molecuul, aangezien deze onderliggende structuur aan de basis
ligt van de patronen die worden waargenomen. De elektronen en kernen waaruit een molecuul
is opgebouwd, zijn op een specifieke manier over de ruimte verdeeld. Wanneer licht door het
molecuul wordt geabsorbeerd, heeft de extra interne energie van het geabsorbeerde foton tot ge-
volg dat de verdeling van elektronen en kernen anders zal zijn dan de ruimtelijke verdeling voor
de absorptie van het foton. Het molecuul absorbeert slechts fotonen met bepaalde golflengtes,
en hiermee samenhangend zijn er dus slechts specifieke ruimtelijke verdelingen van kernen en
elektronen mogelijk. Met behulp van een model voor het molecuul kan achterhaald worden hoe
het verwachte absorptie-spectrum eruit zou moeten zien. Het gemeten absorptie-spectrum kan
vergeleken worden met de voorspellingen van het model, en zodoende vergaart men informatie
over deze ruimtelijke verdelingen van atomen en elektronen.
Omdat elektronen en kernen een massaverschil hebben waar drie ordes van grootte tussen zitten,
kunnen de bewegingen van elektronen en kernen als vrijwel onafhankelijk beschouwd worden;
dit maakt belangrijke vereenvoudigingen in modellering mogelijk. Hierdoor kan in belangrijke
mate een onderscheid gemaakt worden in veranderingen van de ruimtelijke verdelingen van de
diverse deeltjes, namelijk een scheiding tussen herverdeling van elektronen en een herverdeling
van kernen. Een manier om meer te weten te komen over de ruimtelijke verdeling van kernen
en de bindingen tussen de diverse atomen, is het bestuderen van de dynamische bewegingen
van de atomen ten opzichte van de evenwichtsverdeling. Indien deze trillingen met behulp van
absorptie-spectroscopie bestudeerd worden, liggen de golflengtes waarmee het aanslaan van deze
trillingen overeenkomen in het infrarode deel van het elektro-magnetische spectrum.
De moleculen waarvan de absorptie-spectra in dit proefschrift beschreven worden, behoren tot
een speciale klasse van moleculen, namelijk die van geconjungeerde koolwaterstof verbindin-
gen. In deze klasse bevinden zich moleculen waarin er een interactie bestaat tussen p-orbitalen
naast de σ-binding die twee atomen met elkaar verbindt. Ook ringvormige systemen, zoals ben-
zeen, aniline, tolueen, tropyl en benzyl, vallen onder deze definitie, omdat in het ringvormige
gedeelte van deze moleculen sprake is van interactie tussen de p-orbitalen van de diverse kool-
stofatomen. De infrarood absorptie-spectra van deze moleculen is in vele gevallen interessant
om te bestuderen. De moleculen zijn klein genoeg om ze te kunnen modelleren. Met behulp van
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deze modellen is het mogelijk om conclusies te trekken over de waargenomen spectra. Verder
zijn sommige van deze moleculen symmetrisch van vorm, wat tot verrassende afwijkingen ten
opzichte van de theoretisch voorspelde spectra kan leiden.
De vrije elektronen laser FELIX (Vrije Elektronen Laser voor Infrarood Experimenten) is de bron
van infraroodstraling die voor deze experimenten gebruikt is. De door dit apparaat geleverde
infraroodstraling is over een breed golflengtebereik verstembaar en smalbandig. De moleculen
worden ingespoten in een vacuu¨mopstelling, zij bevinden zich in de gas-fase en worden door de
expansie in vacuu¨m die volgt na de injectie, extreem gekoeld. Deze extreme koeling heeft tot
gevolg dat de moleculen zich voor het overgrote deel in de energetisch laagste toestand bevinden.
Vervolgens worden de moleculen bestraald met het infrarood licht van FELIX, waarna wordt
gedetecteerd hoeveel moleculen zich nog in de laagste toestand bevinden. Indien een afname in
moleculen in de laagste toestand wordt waargenomen, moet het zo zijn dat het infrarood licht
moleculen in een hogere energetische toestand heeft gebracht. Deze respons is een maat voor de
absorptie. Door dus de golflengte te veranderen en deze respons voor elke golflengte te meten,
verkrijgt men een infrarood absorptie-spectrum.
In Hoofdstuk 2 wordt het infrarood spectrum van benzeen-argon cation gepresenteerd, samen met
een analyse van enkele van de waargenomen absorptielijnen. Het benzeen-argon cation is een
hoog symmetrisch zwak gebonden complex met een zesvoudige as. Doordat de grondtoestand
van het cation ontaard is, hangt de energie van het complex lineair af van diverse vibrationele
coo¨rdinaten, wat leidt tot een vervorming van de zesvoudige symmetrie naar een tweevoudige
symmetrie. Tegelijkertijd wordt ook de ontaarding van de twee elektronische toestanden op-
geheven; echter, de twee toestanden liggen energetisch zo dicht bij elkaar dat er effectief geen
sprake meer is van een scheiding van kerncoo¨rdinaten en elektroncoo¨rdinaten. Dit heeft tot ge-
volg dat specifiek die vibrationele toestanden, die de geometrische vervorming van het molecuul
veroorzaken, een koppeling ondervinden met vibrationele toestanden die tot dezelfde coo¨rdinaat
behoren in de andere elektronische toestand. Afhankelijk van de sterkte van de koppeling heeft
dit tot gevolg dat resonanties worden waargenomen op posities verschoven van de verwachte
positie. Het spectrum van het benzeen-argon cation vertoont een viertal resonanties bij relatief
lage frequenties, waar slechts e´e´n resonantie verwacht wordt op grond van Elektrondichtheid
Functionaal Theorie berekeningen (Density Functional Theory, DFT). Het geval wil dat vlak-
bij de enkele berekende resonantie twee verschoven toestanden terechtkomen bestaande uit een
combinatie van twee verschillende vibraties. Het overgangsdipoolmoment voor deze twee com-
ponenten zal in het algemeen niet voldoende zijn om zichtbaar te zijn in de experimenten zoals
ze hier gepresenteerd worden. Doordat deze drie componenten dezelfde symmetrie hebben, en er
tevens anharmonische componenten in de potentiaal aanwezig zijn, vindt er een koppeling plaats
tussen deze drie componenten. Door deze koppeling vindt er een vermenging plaats van het ka-
rakter van de oorspronkelijke vibrationele toestanden, waardoor de twee componenten, waarvoor
het overgangsdipoolmoment te klein is, toch als resonanties te zien zijn in het spectrum, omdat
ze een deel dragen van het karakter van de sterke overgang. Dezelfde koppeling tussen deze toe-
standen vindt ook plaats in het volledig gedeutereerde benzeen-argon cation. Echter, doordat de
toestanden verder van elkaar af liggen, is de mate van vermenging in dit geval kleiner en wordt
bij lage frequenties slechts e´e´n sterke resonantie waargenomen en een paar zwakke resonanties.
Met behulp van deze ene sterke resonantie bij lage frequentie is ook een nieuwe bovengrens
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bepaald voor de dissociatie-limiet van het gedeutereerde benzeen-argon complex.
In Hoofdstuk 3 wordt verder ingegaan op de dissociatie van vibrationeel aangeslagen, zwak ge-
bonden complexen. De tijdsevolutie van vibrationeel aangeslagen aniline-argon en -neon com-
plexen wordt gemeten door de hoeveelheid complexen die zich in de aangeslagen toestand be-
vindt, te meten als functie van de tijd die ze aanwezig zijn in de aangeslagen toestand. FELIX
wordt gebruikt als lichtbron om de complexen op een specifiek tijdstip in de aangeslagen toestand
te brengen, waarna op een variabel tijdstip de hoeveelheid complexen, die zich nog in de aan-
geslagen toestand bevinden, wordt gedetecteerd met behulp van een lichtpuls in het ultraviolet.
De hoeveelheid moleculen in de vibrationeel aangeslagen toestand neemt exponentieel af met
de tijd. Voor de verschillende samenstellingen van de aniline–edelgas complexen worden zeer
uiteenlopende afvaltijden gevonden. Deze afvaltijd is niet noodzakelijk gelijk aan de tijdschaal
waarop dissociatie plaatsvindt, aangezien slechts de afvaltijd wordt waargenomen van het weg-
vloeien van deeltjes uit de vibrationeel aangeslagen toestand. De experimenten wijzen erop dat
deze eerste stap sterk afhankelijk is van de vibrationele structuur van het complex. De vibratio-
nele energie die het complex bezit wordt eerst herverdeeld voordat dissociatie kan plaatsvinden;
dit proces wordt intramoleculaire vibrationele herverdeling genoemd.
Hoofdstuk 4 beschrijft de infrarood spectra van neutraal en positief geladen tolueen-argon. Voor
de metingen aan het tolueen-argon cation wordt gebruik gemaakt van de kennis dat complexen
met vibrationele excitaties, die boven de dissociatie-limiet liggen, een levensduur hebben in de
orde van enkele honderden nanoseconden. Het infrarood spectrum van zowel neutraal als positief
geladen tolueen-argon wordt gemodelleerd met behulp van berekeningen voor het kale tolueen
molecuul. Als het waargenomen infrarood spectrum van tolueen-argon wordt vergeleken met
het berekende infrarood spectrum van tolueen, wordt een zeer goede overeenkomst waargeno-
men tussen experiment en theorie. In grote lijnen is dit ook het geval met het tolueen-argon
cation. Echter, voor bepaalde resonanties lijkt de theorie het spectrum toch niet goed te kunnen
reproduceren. Voor deze vibrationele bewegingen wordt het potentiaalvlak in e´e´n dimensie in
kaart gebracht, waarmee betere waarden voor de frequenties moeten kunnen worden berekend
dan wanneer deze door de standaard berekening worden geleverd. Het blijkt dat de vorm van
het potentiaalvlak afwijkt van de aanname dat de potentie¨le energie kwadratisch afhangt van de
vibrationele coo¨rdinaat. Echter, bij kleine uitwijkingen is deze afwijking van de kwadratische
afhankelijkheid nog niet zodanig dat een significante afwijking in trillingsfrequentie wordt ge-
vonden ten opzichte van de standaard berekeningen. Aan de hand van een resonantie bij lage
frequentie in het spectrum van het tolueen-argon cation is tevens een bovengrens voor de disso-
ciatielimiet van het tolueen-argon complex verkregen.
In Hoofdstuk 5 worden de infrarood spectra van twee isomeren, benzyl en tropyl, gepresenteerd.
Neutraal benzyl en tropyl zijn radicalen die met behulp van een ontladingsbron geproduceerd
moeten worden. Het tropyl radicaal is hoog-symmetrisch en bezit een zevenvoudige rotatie-as.
Aangezien de neutrale grondtoestand van het tropyl radicaal ontaard is, ontstaat er een situatie die
analoog is aan die waargenomen in het benzeen-argon cation. In dit infrarood spectrum zijn ook
enkele resonanties te zien bij frequenties waar op grond van de berekeningen geen resonanties
verwacht worden. Echter, wat duidelijk wordt is dat vibrationele bewegingen, waarbij de atomen
uit het vlak van het tropyl radicaal bewegen, beter kunnen worden gemodelleerd dan bewegingen
die in het vlak plaatsvinden. Door het tropyl-molecuul volledig te deutereren wordt een spec-
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trum verkregen wat door de massa van de deuterium atomen verschuivingen zal laten zien in
frequenties terwijl de moleculaire bindingen vrijwel onveranderd zijn. De verschoven resonan-
ties kunnen gecorreleerd worden met de resonanties die worden waargenomen in het infrarood
spectrum van het reguliere tropyl radicaal. Hierdoor wordt duidelijk dat bepaalde resonanties in
beide spectra het gevolg zijn van een combinatie van twee vibrationele modes, waarvan er e´e´n
een zeer lage frequentie heeft. Er wordt aannemelijk gemaakt dat deze resonantie zeer waar-
schijnlijk een component is van een vibrationele mode die door het Jahn-Teller effect opgesplitst
wordt. Het infrarood spectrum van het benzyl radicaal kan goed verklaard worden met behulp
van de berekeningen, hoewel er bij enkele vibraties afwijkingen worden gevonden tussen theorie
en experiment. In een poging nauwkeurigere waarden te verkrijgen voor deze vibraties wordt
voor twee vibraties de potentiaal e´e´n-dimensionaal in kaart gebracht. Een verbetering ten op-
zichte van de standaard berekening wordt echter niet waargenomen.
In dit proefschrift zijn enkele modelsystemen bestudeerd met als doel om meer kennis te verga-
ren over de structuur van moleculen. In sommige gevallen roepen de resultaten echter ook vragen
op, die wellicht met verdere bestudering van de beschreven systemen beantwoord kunnen wor-
den. De infrarood spectra van het benzeen-argon cation en het tropyl radicaal laten bijvoorbeeld
zien dat het Jahn-Teller effect een aanzienlijke verstoring kan veroorzaken in deze moleculen.
Hoewel er enkele veelbelovende methoden worden ontwikkeld om dit soort effecten te kunnen
modelleren, is het op dit moment nog erg moeilijk om goede berekeningen uit te voeren aan dit
soort systemen. De infrarood spectra, zoals deze verkregen zijn, kunnen dienen als standaard
waaraan de modellen getoetst kunnen worden.
Een ander systeem dat vragen oproept, is het zwakgebonden complex. In dit proefschrift worden
enkele zwakgebonden complexen bestudeerd bestaande uit een edelgasatoom en een geconju-
geerd ringvormig molecuul. Hierbij wordt ingegaan op de dissociatie-limiet van deze complexen
en op de levensduur van een vibrationeel aangeslagen complex. In de experimenten worden bo-
vengrenzen gevonden voor de dissociatie-limiet van het gedeutereerde benzeen-argon cation en
het tolueen-argon complex. Theoretische berekeningen lieten vaak hogere waarden zien voor
de dissociatie-limiet dan de bovengrenzen die vastgesteld zijn in deze experimenten. Inmiddels
laten nieuwe berekeningen zien dat de dissociatie-limieten lager liggen dan de bovengrenzen. Te-
vens zijn er op dit moment enkele resultaten beschikbaar uit experimenten waarin de dissociatie-
limiet gemeten kan worden. Levensduurmetingen aan vibrationeel aangeslagen aniline-argon
complexen laten zien dat een excitatie net boven de dissociatie-limiet zich eerst herverdeelt, al-
vorens dissociatie van het complex plaatsvindt. De experimenten die hier beschreven worden,
kunnen worden uitgebreid met een meting van de levensduur van dit soort complexen tot ver bo-
ven de dissociatie-limiet. Aangezien de verwachting is dat het dissociatie-proces anders verloopt
indien meer energie beschikbaar is, is het interessant om te kijken hoeveel energie nodig is om
een verandering te zien optreden.
Behalve de hier bestudeerde ringvormige geconjugeerde moleculen, zijn er nog vele groepen
van interessante moleculen die bestudeerd kunnen worden. De in dit proefschrift beschreven
technieken kunnen ook toegepast worden om bijvoorbeeld clusters van moleculen of biologische
moleculen te bestuderen. Tevens zijn er moleculen denkbaar die geschikt zijn om de diverse
waargenomen effecten verder te bestuderen. Met behulp van infraroodspectroscopie is het mo-
gelijk om meer te weten te komen over de vorm van deze moleculen en clusters en de chemische
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bindingen in deze moleculen.
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